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ABSTRACT 
The development of waste management legislation in the 1990's has placed 
great importance on the sustainability of waste disposal/treatment options. Landfill of 
wastes is increasingly seen as a last resort and reduction, re-use and recovery of 
wastes is encouraged. The wastes investigated in this study (caustic tar and sewage 
sludges) are often disposed of by non-sustainable methods. In addition production of 
sewage sludge will have doubled by 2005 and disposal options are increasingly 
limited. Alternative treatment options are required for both these waste types that 
offer re-use potential. 
In this study the carbonisation and activation of these wastes has been 
demonstrated to be an effective means of treatment that also produces adsorbents that 
can be safely and usefully applied to treatment of aqueous waste streams. 
Previous studies have examined the production of clay-carbon adsorbents 
from spent bleaching earth and limited studies have been conducted on producing 
adsorbents from sewage sludges. However, the majority of these have limited 
investigations to production of oils from sludge and no previous studies of caustic tar 
carbonisation have been conducted. 
Treatment of caustic tar involved neutralisation with HCl and absorption of 
the organic content of the waste by Fullers or Acid Activated Earth. The clay-waste 
mix was subsequently carbonised (375°C for 2 hours) and activated using an 
optimised ZnClj activation procedure (600°C for 1 hour). Activated carbons were 
produced from sewage sludges using carbonisation (500°C for 2 hours), CO^ 
activation (700°C for I hour) and ZnCl^ activation (450°C for 2 hours and 600°C for 1 
hour). 
The adsorbents produced had well developed porosity and large surface areas 
(up to 225mVg for caustic tar derived carbons and up to 995mVg for sewage sludge 
based carbons) and were adsorptive of a range of organic pollutants common in 
effluents. ZnC^ activated, un-digested sewage sludges proved to be the most 
effective adsorbents. COj activated sewage sludges and caustic tar derived carbons 
had similar adsorption capacities for the organic pollutants studied. 
Leaching tests demonstrated that metals present in the adsorbents other than 
the ZnClj activated carbons were not readily leachable and would not prevent re-use 
of the carbons in the treatment of aqueous effluents. 
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NOTATION 
AAE Acid Activated Earth 
BATNEEC Best Available Technology Not Entailing Excessive Cost 
BDDT Brunauer, Deming, Deming and Teller (hysteresis classification) 
BET Brunauer, Emmett and Teller (equation) 
BJH Barret, Joyner and Hallender (mesopore distribution method) 
BPEO Best Practicable Environmental Option 
CHN Carbon, Hydrogen, Nitrogen (analysis) 
COP A Control Of Pollution Act 
DSC Differential Scanning Calorimetry 
DTA Differential Thermal Analysis 
DoE Department of the Environment 
EA Environment Agency 
EPA Environmental Protection Act 
EU European Union 
FE Fullers Earth 
FTIR Fourier Transform Infrared Spectroscopy 
GAC Granular Activated Carbon 
GC/MS Gas Chromatography/Mass Spectroscopy 
HK Horvath and Kawazoe (micropore distribution) 
HMIP Her Majesty's Inspectorate of Pollution 
HPLC High Performance Liquid Chromatography 
ICP-AES Inductively Coupled Plasma/Atomic Emission Spectroscopy 
IPC Integrated Pollution Control 
lUPAC International Union of Pure and Applied Chemistry 
LAAPC Local Authority Air Pollution Control 
NO^ Oxides of nitrogen 
NRA National Rivers Authority 
OFS Oil From Sludge process 
PAC Powdered Activated Carbon 
PAHs Polycyclic Aromatic Hydrocarbons 
PCBs Polychlorinated Biphenyls 
PFA Pulverised Fuel Ash 
SO^ Oxides of sulphur 
SSA Specific Surface Area 
STP Standard, Temperature and Pressure 
STWs Sewage Treatment Works 
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tds Tonnes of Dry Solids 
TG Thermogravimety 
TGA Thermogravimetric Analysis 
UK United Kingdom 
USEPA United States Environmental Protection Agency 
UV Ultraviolet Spectroscopy 
WCAs Waste Collection Authorities 
WD As Waste Disposal Authorities 
WRAs Waste Regulation Authorities 
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1. INTRODUCTION 
W INTRODUCTION 
Relatively recent changes in attitudes and awareness of environmental 
problems, particularly in the industrialised nations of the world, have resulted in major 
changes in waste management. There is a growing realisation that raw materials are a 
finite resource which need to be conserved, and that the environment is not capable of 
absorbing man's activities without significant changes, some of which may be 
unacceptable to society as a whole. Increased scientific knowledge concerning 
environmental processes has shown the diverse environmental problems that are 
developing. Governments, industry and institutions have had to re-appraise 
legislation, manufacturing processes, waste treatment, disposal and environmental 
policies. However all of these changes have been influenced by a rapid expansion of 
scientific study into the environmental and health consequences of all aspects of our 
activities. 
As a result there exists a demand for minimisation of wastes and the reuse of 
waste materials, including hazardous industrial wastes and less toxic domestic wastes. 
Considerable efforts are being made by research bodies and the waste management 
industry to develop new, more effective and more acceptable treatment and disposal 
options. 
The objectives of this study were to examine the potential for reusing two very 
different waste materials, sewage sludge and a liquid chemical waste (caustic tar). 
These wastes are described in Section 1.3. The aim was to produce useful adsorbents 
fi-om these waste materials by a thermal treatment process; carbonisation. The 
carbonaceous product could then be used in turn to treat other wastes, as a 
contribution to waste minimisation efforts in the industries concerned. 
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WASTE MANAGEMENT AND LEGISLATION 
1.2.1 UK And European Waste Legislation 
A number of important changes in legislation have occurred during the past 
few years that have greatly affected the disposal of wastes and in particular sewage 
sludges and landfilled wastes. Disposal of the waste materials examined in this study 
has therefore been influenced by the legislative changes discussed in this section. 
The general waste management picture in the United Kingdom (UK) and 
European Union (EU) is discussed in Haigh [1987] and Fowler [1996] gives a more 
up to date review. Croner's Waste Management [1996] gives a regularly updated 
picture of developments in waste management legislation. The UK Government's 
paper This Common Inheritance' [HMSO, 1990] also gives a useful background to 
the desired environmental strategy for the UK, together with its annual progress 
reports [DoE, 1995]. The Department of the Environment (DoE) also publishes 
annual digests of environmental protection and water statistics [DoE, 1996] This 
compiles all the available environmental data from different media (air, water, land), 
and also discusses waste arisings. Management of wastes has also been specifically 
addressed in the Government's White Paper 'Making Waste Work - a strategy for 
sustainable waste management in England and Wales' [DoE, 1995a]. This outlines a 
strategy for reducing amounts of waste produced, minimising the pollution threat 
from wastes and maximising re-use and recycling of resources. It includes specific 
targets to reduce landfill of controlled wastes and aims to set targets for overall waste 
reduction by 1998. A prioritised list of waste management options based on 
environmental desirability is outlined; 
i) reduction of waste 
ii) re-use of waste 
iii) recovery of waste: incineration with energy recovery, composting, 
materials recovery. 
iv) disposal: landfill is the least desirable option, although it will remain 
the Best Practicable Environmental Option (BPEO) for some wastes 
Several of the most important items of legislation of relevance to the wastes 
utilised in this study are discussed below. 
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1.2.1.1 Environmental Protection Act (EPA) 1990 [HMSO, 1990a] 
The act was introduced to update the Control of Pollution Act 1974 and to 
introduce new concepts into legislation such as the protection of the environment as 
well as public health and Integrated Pollution Control. The act is broad ranging, 
covering aspects of environmental protection, pollution control and waste 
management and recycling, but excludes water related issues. It is divided into nine 
parts; Part I covers Integrated Pollution Control (IPC) and Air Pollution Control by 
Local Authorities, Part II concerns Waste on Land, Part in Statutory Nuisances and 
Clean Air, Part IV Litter etc.. Part V Amendment of the Radioactive Substances Act 
1960, Part VI Genetically Modified Organisms, Part VII Nature Conservation in 
Great Britain and Countryside Matters in Wales, Part VIE Miscellaneous and Part IX 
General [Tromans, 1993]. 
The sections of importance in controlling the wastes discussed here are Parts I 
& n. Part I specifies controls over polluting industries under two sections; 1) 
Integrated Pollution Control (IPC) enforced by Her Majesty's Inspectorate of 
Pollution (HMIP) which is now incorporated into the new Environment Agency 
(Section 1.2.1.2) and 2) Local Authority Air Pollution Control (LAAPC) [Tromans, 
1993]. Local Authority controls only concern air emissions fi-om small plants 
including municipal and clinical waste incinerators. The wastes produced by the 
industries studied here are solid/liquid wastes and air emissions are not relevant. 
Disposal of such wastes may be via incineration but such plants would be regulated 
under IPC by HMIP and LAAPC is not applicable. 
Integrated Pollution Control is a major component of the EPA 1990. 
Previously legislation treated emissions to air, water and land separately. IPC aims to 
develop an approach that allows emissions to all media from any industry to be 
examined collectively to give an optimum environmental solution. To assist in this 
HMIP has developed inspection schemes and has prepared a series of guidance notes 
for inspectors which specify the emissions limits and disposal requirements for air, 
water and land taking into account the principal of Best Available Techniques Not 
Entailing Excessive Costs (BATNEEC) which is fundamental to the EPA. These 
specify limits for new plants and also dates by which existing processes have to be 
updated, ahhough to less stringent limits. Guidance notes have been produced for 
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several process of relevance to this study; IPR 1/10: Carbonisation Processes -
Smokeless Fuel, Activated Carbon and Carbon Black Manufacture [HMIP, 1992], 
IPR 1/11: Gasification Processes - Gasification of Solid and Liquid Feedstocks 
[HMIP, 1992a], IPR 5/1: Waste Disposal and Recycling - Merchant and In-house 
Chemical Waste Incineration [HMIP 1992c], IPR 5/2: Waste Disposal and Recycling 
- Chemical Waste Incineration [HMIP, 1992c] and IPR 5/11: Waste Disposal and 
Recycling - Sewage Sludge Incineration [HMIP, 1992d]. These regulations will 
affect the incineration of sewage sludge and the caustic tar waste (under IPR 5/1,2 & 
11) and any plant developed to manufacture activated carbon from these wastes 
would have to comply with IPR 1/10 or 1/11. 
Part n of the EPA deals with the collection, recycling, and disposal of waste 
replacing the previous provisions of the Control of Pollution Act 1974. Most 
importantly it reforms the licensing of waste disposal facilities and the licensing of 
operators under the concept of 'fit and proper persons'. In order to separate local 
authorities' waste disposal and regulatory functions three agencies were created: 
i) Waste Regulation Authorities (WRAs) 
ii) Waste Disposal Authorities (WDAs) 
iii) Waste Collection Authorities (WCAs) 
The Environment Agency (EA) and the Scottish Environmental Protection 
Agency (SEPA) have now taken over responsibility for waste regulation. The local 
authorities retain their role in planning. 
Following the implementation of the EPA the WD As are no longer involved 
with the management of waste disposal sites, which has been transferred to newly 
created Local Authority Waste Disposal Companies (LAWDCs) who operate disposal 
sites. The WD As draw up disposal contracts and select operators based on the lowest 
acceptable tender. They are also responsible for arranging the disposal of all 
controlled waste and domestic waste and providing sites for householders to deposit 
waste. Collection of waste is conducted by the WCAs who must deliver waste to the 
sites designated by the WD As [Croner, 1996]. 
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A "Duty of Care' is imposed upon all persons importing, producing, carrying, 
keeping, treating or otherwise disposing of controlled waste [Tromans, 1993] This 
is an important factor as it now means that at all stages of disposal producers and 
waste operators are responsible for the proper handling and disposal of waste. 
Responsibility is no longer simply passed on with the waste itself 
The importance of Part 11 with respect to this study is its much more 
comprehensive and stringent controls on waste disposal to land, which will affect the 
disposal of the wastes studied. This should pro\ide for an improvements with respect 
to protection of the environment and public health. However, many of the provisions, 
particularly with respect to landfill site management and operation will inevitably 
increase waste disposal costs. One of the aims of this work is to develop an 
alternative waste treatment/disposal process that will provide for recycling of 
controlled wastes, thus reducing disposal costs for the producers whilst providing an 
environmental benefit. 
1.2.1.2 Environment Act (1995) [HMSO, 1995] 
The fiindamental aim of this act is to facilitate the installation of the new 
Environment Agency (EA) in England & Wales and the Scottish Environmental 
Protection Agency. These agencies will combine the responsibilities of HMIP, the 
National Rivers Authority (NRA) and the Waste Regulation Authorities (WRAs). It 
sets out the responsibilities of the agencies and its powers. In addition the National 
Parks Authorities are re-defined and their purposes and powers established. Some 
sections of the EPA 1990 are updated including sections on waste. The Environment 
Agency is now formally established but it is not yet clear what effects this will have on 
the regulation and implementation of environmental and waste management policies. 
1.2.1.3 European Directives 
A large number of European directives have an influence on the disposal and 
treatment of wastes and in particular for sewage sludge. Caustic tar as a chemical 
production waste is already well legislated for under a relatively uncomplicated 
system of controls. However, European water and waste legislation are very strongly 
inter-related and this produces a very complex set of controls on sewage sludge 
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disposal and influences the nature and amounts of sludge produced [Hall, 1995]. 
These links are shown in Figure 1.1 and some of the most important legislation is 
described below. 
One of the main concerns in the water industry is that there will be a 
temptation to develop advanced sludge disposal techniques that are not appropriate to 
the level of environmental risk. Several items of legislation are not specifically aimed 
at sewage sludge but at more hazardous wastes. However, the concerns are that 
these are not sufficiently discriminatory and sensible sludge disposal routes could be 
jeopardised [Hall, 1995]. 
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Figure 1.1 European directives in relation to sewage sludge production and 
disposal [after Hall, 1995]. 
Waste Framework Directive (91/156/EEC) [CEC, 1991]: This sets out the 
principles by which waste will be classified, treated and disposed of within the EU. It 
encourages waste prevention, recycling, stricter control of waste movements and 
remediation of old waste sites. The 'polluter pays' principal is endorsed together with 
the 'precautionary principle'. Adoption of these policies in national legislation within 
member states means that waste treatment and disposal costs will be increasingly 
passed on to producers and that suspected causes of environmental damage should be 
23 
tackled promptly. In the UK this directive has been implemented under the EPA, 
1990. 
Urban Wastewater Treatment Directive (91/271/EEC) [CEC, 1991]; This is an 
extremely important piece of legislation that dictates the levels of wastewater 
treatment required in towns of different sizes. It aims to reduce the pollution due to 
insuflBcient treatment of urban wastewater by determining adequate treatment levels. 
Table 1.1 indicates the requirements made. Implementation of this will require many 
coastal regions in the UK which have previously not treated wastewater to install 
primary or secondary treatment. This has major implications for sewage sludge 
disposal within the EU as large increases in the volumes of sludge requiring disposal 
can be expected. In view of this the directive also aims to encourage sludge recycling 
and re-use options, and endorses the phasing out of sludge dumping and sea disposal, 
which run counter to these principles. 
Table 1.1 Main requirements of the EC urban waste water treatment 
directive [Wright, 1992] 
Agglomerations must have collection systems 
Discharges from agglomerations have to be treated to minimum 
standards 
All sewage treatment works (STWs) to be designed, constructed, 
operated and maintained to ensure sufficient performance under normal 
local conditions 
Discharges of industrial effluent into collection systems and STWs are 
subject to regulation and authorisation 
Disposal of sewage effluent from STWs to be subject to regulation and 
authorisation 
Sewage sludge to be reused whenever appropriate, disposal routes 
should minimise adverse environmental effects 
Disposal of sewage sludge to surface waters to be phased out by 1999 
Situation reports on sludge disposal to be published every two years 
National programme for implementation to be prepared by 1994 
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Directive on the protection of the environment and in particular of the soil, 
when sewage sludge is used in agriculture (86/278/EEC) [CEC, 1986]: Limits on 
the amounts of cadmium, copper, nickel, lead, 2dnc and mercury are set for both levels 
in the sludges themselves and the annual load applied (based on a lOyr average) to a 
particular piece of land. The reason for this is to limit the extent of metal uptake by 
crops and livestock. This severely limits the proportion of sludge, particularly from 
urban areas which contain more industrial emissions, that can be utilised on 
agricultural land. New legislation [CEC, 1990] reduced these limit values and there is 
a proposal to include a limit for chromium. Several countries already regulate 
chromium and other metals such as arsenic and selenium. Table 1.2 lists the current 
EU limit values. These are not risk-based standards but take the form of limit bands 
from between which member states can select levels appropriate to the problems in 
that particular country [Hall, 1994]. This allows flexibility in setting international 
standards but can mean that some countries have very much more stringent limits 
thereby preventing re-use of sludge in agriculture. 
Table 1.2 Metal limit values for application to agricultural land [Bruce & 
Davis, 1989, FWR, 1993]. 
Metal Sludge Limit Value 
(mg/kg ds) 
Soil Limit Value 
(mg/kg ds) 
Maximum Annual Loading 
(kg/ha) 
Cd 20-40 1-3 0.15 
Cr 1000-1500* - 4.5* 
Cu 1000-1750 50-140 12 
Hg 16-25 1-1.5 0.1 
Ni 300-400 30-75 3 
Pb 750-1200 50-300 15 
Zn 2500-4000 150-300 30 
Proposed values 
Re-use of sewage sludge on agricultural land is widely regarded as an 
extremely beneficial option and a balance between maintaining low metal levels in 
foods and sludge re-use is essential. Risk-based standards like those used in the US 
by the USER A (United States Environmental Protection Agency) would be more 
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appropriate in this context, although there can be difficulties in obtaining enough 
toxicological information to define risk levels accurately. 
In the UK the 1986 Sludge to Agricultural Land Directive (EEC/86/278) has 
been implemented by the Sludge (Use in Agriculture) Regulations 1989 [DoE, 1989] 
The regulations specify limits towards the maximum end of the ranges specified in the 
European Directive (Table 1.2) but specify different limits for different soil pH. This 
results in some levels being higher than those stipulated, but this is allowed by the 
Directive where pH is above 6.0 provided the exceedance is not greater than 50% of 
the limit value. They also stipulate conditions for sludge application, such as 
minimum fallow periods after sludge application when grazing is forbidden, sludge 
and soil testing requirements etc. If the metals content of a sewage sludge exceeds 
the levels stipulated before application the sludge is classified as a controlled waste 
(under COP A, 1974 or the EPA, 1990 Part I) and must then be disposed of 
accordingly. In practice this currently means disposal via sea dumping, landfill or 
incineration [DoE, 1995]. 
The Use In Agriculture Regulations are complemented by the DoE Code of 
Practice for Agricultural Use of Sewage Sludge [DoE, 1989b] This aims to ensure 
that sludge use is in keeping with good agricultural practice, safeguards long term 
agricultural activity, protects against public nuisance or pollution and risk to human, 
animal or plant health. It is a voluntary code but is practised by the water companies. 
It exceeds the minimum standards of the Directive and recommends limits for other 
potentially toxic elements not covered by the Directive (Table 1.3) 
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Table 1.3 Comparison of directive, UK regulations and the DoE code of 
practice limits for levels of metals in soils [MAFF, 1993] 
Metal Directive 
86/278/EEC 
UK Regulations 
PH 5 <5.5 5.5 <6.0 6.0 <7.0 >7.0 
Cd 1-3 3 3 3 3 
Cu 50-140 80 100 135 200 
Hg 1-1.5 1 1 1 1 
Ni 30-75 50 60 75 110 
Pb 50-300 300 300 300 300 
Zn 150-300 200 250 300 450 
CrCaXb) - 400 400 400 400 
Mo(*x=) - 4 4 4 4 
Se^) - 3 3 3 3 
- 50 SO 50 50 
p(a) - 500 500 500 500 
W Limits from UK code of practice for agricultural use of sewage sludge 
Provisional pending research 
w Molybdenum limits may be exceeded if natural levels are above 4mg/kg and expert 
advice is followed 
Draft Landfill Directive [CEC, 1991a]: This was first proposed in 1991 and has 
been through successive drafts since its initial proposal [Kelly, 1991] In 1996 it was 
rejected by the European Parliament and a new proposal put forward by the 
Commission. The new landfill directive is strongly opposed by the UK government 
and landfill operators as it would prevent the adoption of the tioreactor' concept 
favoured in UK. 
Three types of landfill site are described: hazardous waste, non-hazardous 
waste and inert waste. Different category wastes would have to be sent to a site of 
appropriate type. Several important provisions are proposed which will have a 
considerable impact on landfill practice: 
• mandatory pre-treatment of waste before landfilling 
• a ban on landfill of waste with a total organic carbon content > 10% 
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• a ban on landfill of liquid waste and tyres 
• phasing out of co-disposal within 5-10 years. 
One of the main thrusts of this proposed legislation is to reduce methane 
emissions which contribute to global warming and are a hazard to nearby residents. 
This is achieved by the limit on organic wastes disposed to landfill sites which will 
prevent biodegradation processes occurring within the site. Sites will therefore be 
relatively inert waste depositories negating the concept of landfill as a "bioreactor' 
treatment process. 
The ban on liquid waste disposal would prevent the current disposal of the 
caustic tar waste examined in this study, which would have to be solidified or 
disposed of by an alternative method. 
Various forms of the original draft have included proposals to prevent 
co-disposal of different types of waste and the new proposal recommends phasing out 
this practice in 5-10 years. It is not clear at this stage how this will affect sewage 
sludge disposal in landfill. In previous discussions there were provisions for 
co-disposal where different wastes will advantageously promote 'attenuation and 
degradation processes'. Biological treatment sludges are included in this category and 
it is possible that sewage sludge co-disposal will continue, with development of a 
more suitable leach test being developed by the European Standards Committee (CEN 
292) [Hall, 1994]. However, the general provisions of the directive will make landfill 
much more highly regulated and will certainly raise costs. 
Directive on air pollution from industrial plants (84/360/EEC) [CEC, 1984]: 
Authorisations must be obtained in order to run various types of industrial plant 
including incinerators used for toxic and dangerous wastes. These facilities have to be 
shown to be able to operate to minimise air emissions according to the BATNEEC 
principle (best available techniques not entailing excessive cost). Air emission 
standards may be set in the future, although this is unlikely to affect modem UK 
incinerators or new sewage sludge incinerators which are designed to high standards 
in order to minimise the substantial public concerns over incineration. 
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Hazardous Waste Directive (91/689/EEC) [CEC, 1991b]: This aims to 
improve the disposal and management of hazardous waste. Sewage sludge (when 
untreated or unsuitable for use in agriculture) and the caustic tar waste were originally 
classified under this directive as hazardous waste. This proposal was based upon 
eluent leach testing of sludges which classified some sludges as hazardous [Hall, 
1994]. Sewage sludges are now not going to be included in the hazardous category, 
although sludges will have to undergo compliance testing when they are disposed of 
as non-hazardous wastes [Hall, 1995]. This legislation has been implemented in the 
UK by the Special Waste Regulations, 1996 
Hazardous Waste Incineration Directive (94/67/EEC) [CEC, 1994]: This sets 
stringent standards for the operation of incinerators and strict emission limits. This 
includes minimum combustion temperatures of 850°C for non-halogenated materials. 
Incinerators have to be provisioned with auxiliary burners to ensure minimum 
temperatures are achieved at all times and an automated system to prevent waste 
movement into the incinerator if temperatures drop below the minimum. 
Sewage sludge incinerators are exempted fi-om the legislation, but the 
emission limits will probably be used by authorising bodies when granting 
permissions. Any incineration of caustic tar would have to be conducted in 
incinerators which meet the requirements of the directive. 
Nitrates Directive (91/676/EEC) [CEC, 1991c]: This limits the amount of nitrate 
that can be applied to land in designated vulnerable zones. This could significantly 
effect the use of sludge in agriculture, particularly in areas that make extensive use of 
animal manure [Hall, 1994]. 
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1.2.2 Sewage Sludge Treatment And Disposal 
Some 5000 sewage treatment works (STWs) exist in the UK [Harrison, 
1990]. Approximately 30 million tonnes (1.1 million tonnes of dry solids - tds) of 
sludge are produced in the UK annually disposal of which costs in the region of £250 
million per year [Anon, 1989]. This represents some 8% of total UK waste arisings 
[DoE, 1995]. Current disposal options are limited to utilisation on agricultural land, 
sea dumping, incineration, landfill, sludge drying and some other limited techniques. 
The proportions disposed of to these various routes were investigated for the 
Department of the Environment [CES, 1993] and are shown in Figure 1.2. This also 
shows the predicted amounts of sludge that will be disposed to the different routes in 
1999 and 2006. These figures predict an increase in the amounts of sludge requiring 
disposal to 1.7 and 2.1 million tds in 1999 and 2006 respectively. These predicted 
increases represent a doubling of the current production and will mainly be due to the 
implementation of the urban wastewater treatment directive [CEC 1991]. Possible 
changes to landfill legislation were not considered. Significantly the predictions 
suggest that there will be a disposal capacity shortfall of 0.3 million tds in 1996 and 
0.44 million tds in 2006. Disposal routes for this sludge which represents between 15 
and 20% of the total have yet to be determined. 
Of these sea dumping is due to be halted in 1998 reducing the available 
disposal outlets by some 25%. Scotland will be especially affected as some 60% of 
sewage sludge is disposed of to sea in Scotland [Wright, 1992]. Introduction of 
legislation on landfill disposal of sewage sludge would further restrict the disposal 
options available. Even if co-disposal remains an option, the increased costs of 
landfill already being experienced and which are forecast to rise will limit the amounts 
of sludge that can be economically landfilled. More stringent legislation on 
contaminant levels allowed within sewage sludges for disposal to agricultural land 
could severely reduce disposal via this route, particularly in the UK where nearly 50% 
of sludge is used on agricultural land. The establishment of water protection zones 
could also limit sludge application to agricultural land in areas where diSuse nitrogen 
sources require restriction in order to protect sensitive water courses. For these 
reasons sewage sludge disposal has become an extremely important issue in the UK. 
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Figure 1.2 The various sewage sludge disposal routes, 1991, 1999 & 2006 
[CES, 1993] 
In the rest of the EU the situation is similar or in some countries more severe. 
Many of these countries have very limited wastewater treatment and will be heavily 
affected by the Urban Wastewater Treatment Directive. Figure 1.3 gives data on the 
current disposal routes within the EU and Table 1.4 suggests how disposal routes may 
alter in certain countries. The dominance of a few countries is also apparent from 
Figure 1.3, e.g. Germany produces approximately 40% of all European sludge. 
Disposal practices will therefore be under much more pressure in such countries. 
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Figure 1.3 Disposal methods in European countries [FWR, 1993]. 
Table 1.4 Expected changes in sewage sludge disposal for European 
countries [FWR, 1993] 
Country Agriculture Landfill Incineration 
Belgium t 
Netherlands 
Denmark t 4/ t 
Sweden 
Overall sewage sludge disposal is set to become one of the most pressing 
problems for the water industry in the next decade and alternative treatment and 
disposal options are required. The possibilities of increasing the amounts disposed via 
the traditional routes (agricultural land and landfill) are likely to be limited. Although 
agricultural land disposal is still viewed by most member states as the most important 
sludge re-use route, concerns over heavy metal and more recently organic 
contamination may limit its future growth. With few alternatives available the 
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majority of UK Water Companies are turning either to incineration or to thermal 
drying along with maximising the amounts utilised on agricultural land (Table 1.5). 
However, there is likely to be considerable scope in the future for adoption of 
alternative disposal methods, particularly in localised regions with a more flexible 
approach being adopted where different routes are used according to seasonal 
demand and price fluctuations among other factors. The following section discusses 
the available options and some future sludge disposal possibilities. Figure 1.4 outlines 
the various options and constraints for sewage sludge disposal. 
Table 1.5 Proposed main disposal method for previously sea disposed 
sewage sludge - UK Water Companies [ENDs, 1991; Anon, 
1995] 
Company Proposed Disposal Method 
Wessex Thermal drying - granules for agriculture, peat substitute and 
energy generation ( Swiss Combi Plant) 
Welsh Agriculture (Intermediate - considering Oil from Sludge and 
thermal drying processes) 
Yorkshire Incineration 
Southern Composting - N -Viro Process 
Northumbrian Incineration 
North West Considering incineration and landfill 
South West Considering incineration, thermal drying and recycling 
Thames Incineration 
Strathclyde Considering incineration 
Lothian Incineration 
N Ireland Part to agriculture, options for Belfast include incineration 
Anglian (Col.) Agriculture 
Anglian (Ips.) Agriculture 
Anglian (Til.) Considering incineration or landfill/reclaimation 
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Figure 1.4 Sewage sludge disposal - options and constraints [Bruce & 
Davis, 1989] 
1.2.2.1 Incineration 
Incineration is one of the few available sludge disposal technique that can be 
rapidly expanded over the next decade to dispose of the surplus sludge generated. 
However, incineration is a problematical process which is very unpopular due in large 
part to concerns over organic emissions of materials such as polychlorinated biphenyls 
(PCBs), dioxins, heavy metals and other air pollutants, although many would argue 
that most pollutants can be more than adequately treated and that emissions would be 
very low. There are also legitimate concerns about the problems of disposing of the 
fly ash and bottom ash from incinerators which is rich in heavy metals. The majority 
of such ash is disposed to landfill although there is some potential for alternative 
applications. 
In addition incineration of sewage sludge is also criticised as wasting a 
valuable resource which could be much better utilised. However there are significant 
advantages to sewage sludge incineration and its supporters view it as a 
waste-to-energy process rather than a waste disposal process. All the new schemes 
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proposed plan to generate significant quantities of electricity from the sludge 
combustion. Advantages are: 
• in conurbations it is often impractical to change existing sludge collection 
systems. The logistics of transporting sludge to surrounding farmland for 
example are extreme and involve significant pollution and local impact. 
• it is not reliant on a 2nd or 3rd party purchasing and utilising the sludge, and is 
therefore much more reliable 
• sewage sludge is classified as a controlled waste for disposal other than to 
farmland, therefore any purchasers have to have a disposal licence. 
• many of the alternatives are seasonal or intermittent in their demand for sludge 
which would require long term storage facilities and would also not be reliable. 
• many of the more toxic and persistent organic compounds found in sewage 
sludges are destroyed. 
• electrical energy can be generated fi-om the heat produced during sludge 
combustion which can be used to run the rest of the sewage treatment works 
and provide a surplus to the national grid. 
Many Water Companies are therefore considering sludge incineration as the 
best available technique for sludge disposal in the future. For example Thames Water 
is constructing two incinerators at their Becton and Long Reach sites after 
discounting other possibilities. These have been designed to meet the most 
demanding emissions standards currently used in Europe (TA Luft 1990). The plants 
will also contribute 12-14MWatts of electricity which will be used for sludge drying 
and to power the other processes on site [Morris, 1990]. Severn Trent Water has 
replaced its old sludge incinerator at Coleshill (near Birmingham) with a modem 
incinerator with a sludge capacity of 40,000 tds/yr. 
One of the aims of this research was to try to find a more beneficial use of 
sewage sludge while retaining the advantages of thermal destruction of toxic organic 
materials. 
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1.2.2.2 Thermal Drying 
Several sludge drying processes are available, but few have been adopted in 
the UK to date; Wessex Water, South West Water and Welsh Water have installed or 
are developing sludge drying capabilities. The sludge is converted to a granular end 
product which is envisaged as being sold as a fertiliser for arable crops, peat 
substitute, land reclamation and power generation [Brown & Whipps, 1994 & 1995] 
It has several advantages over incineration; it does not generate any other waste 
requiring disposal, it is a re-use process, and is not likely to be subject to such strict 
emissions regulations [ENDs, 1990]. Other general advantages of the process include 
[Brown & Whipps, 1994]; 
• cost effective treatment system 
• satisfies the potential future requirement for pathogen fi-ee-sludge products 
• produces a minimum volume that is easily stored, handled and transported 
• suitable material for commercial development of other sludge derived products 
Disadvantages of the process are its high capital and operating costs. The 
pellets or granules also generate odours as the material breaks down in the soil. 
The idea of thermal sludge drying is not new and several UK plants existed in 
the 1960's and 70's before the energy crisis which caused their closure. Modem 
sludge drying facilities are very efficient and a variety of suppliers are looking to sell 
direct and indirect dryers to the Water Companies, and it is likely that this will 
become a more widely used treatment option due to the product flexibility. A general 
review of thermal drying technologies has been conducted by Lowe [1995]. 
1.2.2.3 Composting 
Composting operates by aerobically digesting sewage sludge utilising 
thermophilic organisms thereby disinfecting the product due to the elevated 
temperatures. The volume of sludge is greatly reduced and a stabilised product 
(compost) is produced which can be used as a soil improver. A wide variety of 
relatively simple composting systems are now available [Tchobanoglous & Burton, 
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1991] and 40-50 composting plants are operating within Europe producing 200,000 
t/yr of compost [Hudson & Lowe, 1994]. 
Although there may be a demand for composted sludge as a peat substitute in 
horticultural compost, the increasingly strict regulations on the use of sludge-based 
compost as a fertiliser make this option problematical [Buning, 1992]. However, 
composting is attractive in reducing sludge volume and for use in agriculture. 
Southern Water is considering two potential processes; the SEVARpure composting 
process and the N-Viro process. The N-Viro process is not strictly a typical 
composting process but should be described as a stabilisation technique which 
eliminates the need for sludge digestion [ENDs, 1990]. The sludge is mixed with 
alkaline materials which react during storage to generate heat, destroying pathogens 
and binding metals, and finally producing a dry product which can be used on 
agricultural land or in land reclamation. It is particulariy suitable as a combined soil 
improver/lime alternative as its high alkalinity provides the same benefits to acid soils 
as lime. 
The SEVARpure process is a two stage composting process that involves 
briquetting the waste which composts within cells at 70°C for 5-7 days. After this 
period it is moved to a lower zone where re-heating up to 60°C occurs with fijngal 
growth predominating. The double composting process improves the quality of the 
final compost and leads to a product which is pathogen fi-ee. Southern Water is 
proceeding with a 200tds/yr demonstration plant and trials on the suitability of the 
product for use on crops [Anon, 1995]. 
Composting processes in general have the advantages of being extremely 
simple, making them particularly suitable for small rural works where minimal 
supervision is required and where a ready outlet for the product exists. Drawbacks 
are the large process and maturation areas required and the need to import bulking 
agents for the process [Hudson & Lowe, 1994]. Other concerns include the potential 
for concentration of PCBs, chlorophenols, and dioxins (PCDDs and PCDFs) within 
compost. Research conducted on composts fi"om the United States found relatively 
high levels of some dioxins, pentachlorophenol (PCP) and other chlorophenols, which 
were attributed to PCP and its by-products being present in the pre-composted sludge 
and being converted to PCDDs and PCDFs via biological mechanisms [Malloy et al, 
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1993]. It is as yet unclear if this would represent a serious environmental and health 
hazard. 
Modem computer controlled composting facilities could reduce the demands 
on site size and improve product quality. The challenge for the future is to establish 
whether organic micropollutants are a significant concern, to develop markets for the 
product and maintain a reliable supply of high quality compost. 
1.2.2.4 Forestry And Land Reclamation 
Sewage sludge can be very beneficially used in these two areas, providing 
nutrients in poor soils to improve tree growth or remediation of derelict land. Studies 
in the UK and US have shown that the contents of sewage sludge match the nutrient 
deficiencies of derelict land and improve the speed and quality of re-growth. Both 
these applications will be subject to the same restrictions as for sewage sludge used on 
agricultural land. However, sludge can be applied at much higher rates as crops are 
not being grown on the land during the period that the sludge is applied [Matthews, 
1992]. Although total metal loadings would still be limiting, annual limits would not 
be relevant. 
In 1988 the Department of the Environment listed 30,000ha which justified 
remediation, which suggests that although only 5% of sludge is currently used for this 
purpose much more could be beneficially utilised [Hall, 1993]. Some estimates 
calculate that up to 20% of UK sludge could be used in this way, although this would 
vary greatly between regions depending on the amounts of derelict land in any one 
area. 
The main problem with land reclamation uses is that this tends to occur during 
short periods of the year when weather conditions are favourable for handling soil. 
Very large amounts of sludge will be required during these periods and may outstrip 
production, whilst during the rest of the year sludge is not in demand. This periodic 
demand produces logistical difficulties such as transport and long term sludge storage 
and is therefore very dependent on long term planning between developers and sludge 
producers. In general the Water Companies are at present unwilling to rely heavily on 
third party consumers and this may limit the use of sludge for this application in the 
future. 
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Forestry is an expanding industry in the UK and EU at present and an area 
where sewage sludge can be extremely beneficial, as forests are usually planted on 
poor soils which limit tree growth. The use of sewage sludge in large quantities either 
before planting (dewatered) or as a fertiliser for growing trees (liquid) has been shown 
to be an effective alternative to conventional fertilisers [Matthews, 1992]. 
Less than 1% of UK sludge is used in this way, therefore there is considerable 
scope for expansion. Research in the US has shown that use of sludge for forestry is 
still viable even when long distances are necessary for transport. Despite this 
transport is likely to be the limiting factor for this use in the UK given that the large 
sludge producing cities are remote fi'om the majority of new forests. However, the 
Forestry Commission have indicated that between 6000 and 12000ha of forests could 
be available as an outlet for sewage sludge, providing an important disposal route 
locally and accounting for up to 12% of national sludge production [Hall, 1993]. 
1.2.2.5 Wet Oxidation 
Wet oxidation is a destructive process that reduces sludge materials to carbon 
dioxide and water in a single-stage reaction but without requiring the gas cleaning 
apparatus associated with combustion processes. Two reactions are possible; one at 
subcritical conditions below 374°C (lOObar) and the other at temperatures in excess of 
374°C at high pressure (218bar). Subcritical conditions are more easily controlled and 
several companies have followed this route: Zimpro have developed a subcritical 
vessel reactor whereas the Dutch company Vertech have developed a subcritical deep 
shaft reactor. Neither of these technologies have yet been adopted in the UK. 
In the future supercritical techniques are likely to become more important as it 
overcomes the disadvantages of the subcritical techniques which produce very high 
BOD/COD effluents. Supercritical processes also destroy persistent organic 
compounds such as PCBs [Hudson & Lowe, 1994]. The UK Water Research Centre 
(WRC) has developed a supercritical water oxidation process (SCWO) in which 
sludge and liquid oxygen are converted to water, solids and CO^. The process once 
running is self sufficient in energy and can produce a surplus for electricity generation. 
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1.2.2.6 Production Of Fuels 
Production of fuels from sewage sludge is an attractive alternative to some 
other techniques as it generates a saleable product which offsets the costs of disposal. 
The most promising research into this method has been carried out in Canada and 
pilot plants based on the Oil From Sludge (OFS) process, or ENERSLUDGE™ are 
operational in Canada and Australia. Full scale plants based on this technology are 
now available in the UK [ENDs, 1991], although no pUot plant facilities are yet 
available for demonstration purposes. The details of this techmque are more 
thoroughly discussed in Section 1.5.3, which considers previous studies in the same 
general field as this research. 
The process can generate between 150-300 1 of oil per tonne of sludge which 
can be used for electricity generation, for combustion in kilns and fijmaces or as an 
ingredient in asphalt. Of the UK Water Companies, Welsh Water is assessing this 
technology along with incineration as a possible future disposal technique [ENDs, 
1990]. Start-up costs of the process would be similar to incineration, but operating 
costs would be lower. Table 1.6 gives details of the cost breakdown in comparison to 
other disposal/re-use processes. In addition, treatment of heavy metals and organic 
micropollutants has been shown to be more effective than incineration [Bridle et al, 
1990, Bridle & Skrypski-Mantele, 1994]. However, as the process is not yet 
demonstrated in the UK it has not been accepted by HMIP [Hawkins, 1994] Until 
this occurs and the process is established as being environmentally acceptable it will 
not be a viable alternative to other options. 
1.2.2.7 Summary Of Future Disposal Options 
All of the options discussed are being actively considered by UK Water 
Companies either for immediate adoption or for investigation as potential 
technologies for the future. A considerable amount of research effort and funding is 
being invested in developing new disposal options as the industry realises the need for 
greater flexibility in sludge management. As new technologies become accepted they 
will increasingly be included in the cos^benefit style of analyses that are generally 
being adopted by the Water Companies when they are considering investing in new 
plant or changing their disposal routes for different treatment works. One of the most 
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important aspects of this procedure is of course the capital and operating costs of the 
process. Product value and the perceived re-use benefit of the process are, however, 
also included. Table 1.6 summarises the available cost and environmental benefit data 
for a variety of the main alternative disposal options. 
Table 1.6 Capital, operating costs and environmental benefits of different 
sludge treatment processes [after Hawkins, 1994] 
Process Capital Cost Operating End Environmental 
Cost Product 
Value 
Cost/Benefit 
Liquid - dependent £125-250/tds Negative Re-use to improve 
disposal to on existing soil 
agriculture facilities 
Cake - dependent £40-50/tds Negative Re-use to 
disposal to on existing improve soil 
agriculture facilities 
Thermal £10M £65/tds Positive Re-use to 
Drying (45,000tds/yr) (including improve soil 
dewatering) 
Incineration - £30M £50-60/tds Negative Energy recycling/ 
with power (45,000 tds/yr) (excluding emissions concerns 
generation dewatering) 
Combustion - £15-20M as Negative Energy recycling/ 
with power (45,000 tds/yr) incineration emissions concerns 
generation 
Vitrification - £5-10M £100-150/tds Negative Energy recycling/ 
with power (1,000 tds/yr) Uncertain? emissions concerns 
generation 
Oil From £6M £126/tds £1 per litre Energy recycling/ 
Sludge (2,200tds/yr) emissions concerns 
N-Viro £6M £40/tds Positive if Re-use to 
(45,000 tds/yr) (excluding needed for improve soil 
dewatering) acid soils 
Vertech - wet £17M c£100/tds Negative Complete 
oxidation (25,000tds/yr) destruction/no 
reuse 
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1.2.3 Caustic Tar Disposal 
Disposal of the second waste examined in this study - caustic tar (Section 
1.3.1), will be severely affected by the implementation of the landfill directive, which 
as discussed in Section 1.1.1.3, will probably prevent use of the current landfill 
disposal route for this liquid waste. Existing legislation in the UK (EPA, 1990) 
[HMSO, 1990] is already likely to have increased the costs associated with its 
disposal due to the increased provisions required for licensing of special waste 
disposal facilities. Due to its caustic and toxic character the only other available 
disposal technique is incineration. As the waste is largely aqueous, incineration would 
be very expensive unless further treatment was adopted on site to concentrate the 
organic fi-action prior to incineration. No development work has been conducted to 
establish the feasibility of this possibility. 
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1 3 WASTE DESCRIPTIONS 
1.3.1 The Production And Nature Of Caustic Tar Waste 
The first waste to be studied was a chemical waste generated fi"om the 
production of hydrogen peroxide. Hydrogen peroxide is a relatively cheap material 
with many commercial applications as an oxidising agent. It is incorporated into 
modem detergents as a bleaching agent in the form of perborate or percarbonate. 
Bleaching of waste paper and textiles are also important applications and new 
applications in wastewater treatment and disinfection of beaches are developing. One 
of the major advantages over traditional bleaches and disinfectants is its environmental 
benefits; hydrogen peroxide based materials completely degrade to water and oxygen 
in the environment. However, despite these environmental advantages production of 
hydrogen peroxide generates a small amount of hazardous waste which is currently 
disposed of to landfill. 
The waste is called caustic tar and is a by product of the Anthraquinone 
Process. This is one of three processes used to manufacture hydrogen peroxide on a 
commercial basis, the others being Electrochemical Oxidation, and Oxidation of 
Isopropanol The latter two are however of little commercial importance; 
electrochemical oxidation is obsolete and isopropanol oxidation is only used at two 
plants in the former USSR [Biichner et al., 1989]. 
The anthraquinone process takes place in a cycle with two fundamental stages; 
1) reduction by hydrogen using a catalyst of 2-ethyl-anthraquinone to 
2-ethylanthrahydroquinone 
2) reaction of the anthra-hydroquinone with air releasing hydrogen 
peroxide and reforming the anthraquinone 
The catalytic reaction to form the hydroquinone is the most important for the 
efficiency of the process and only 50% of the quinone is converted in order to 
suppress side reactions. This produces a yield of over 99%. However, the side 
reactions leading to the 1% loss in efficiency are responsible for the production of the 
waste caustic tar. To remove the residual organic contaminants, such as epoxides, 
oxanthrones and anthrones, the working solution is cleaned with sodium hydroxide 
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(NaOH) and removed by centrifuging in a bypass (Figure 1.5). The waste leaves the 
centrifuges as a viscous tarry liquid with a pH~14 and at a temperature of 50-60°C. 
In the region of 350-400 tonnes of caustic tar are generated per annum which 
although relatively small is sufficient to cause disposal problems. 
Disposal of the waste was at the time of collection (May, 1991) practised 
using co-disposal at a licensed landfill site. Landfill of industrial waste is likely to 
become more expensive as regulations become more stringent and the draft landfill 
directive [CEC, 1991a] may ban co-disposal of liquid, hazardous wastes with 
domestic refuse, as discussed in Section 1.2.1.3. At present the only viable alternative 
is incineration, which is expensive, as the organic content is too high to permit 
solidification. Waste minimisation is not a feasible option as the process is already 
extremely efficient. 
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Figure 1.5 The anthraquinone process (after Crampton et al., 1977) 
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1.3.2 The Production And Nature Of Sewage Sludges 
Sewage sludge is generated as a waste from the treatment of municipal 
wastewater. These are predominantly wastewaters of domestic origin but can also 
contain a large input from industrial sources, particularly in industrial regions. 
Sewage treatment processes use two basic mechanisms to treat wastewater; 
settlement and biological treatment, both of which produce waste sludge. Sewage 
that is treated at STWs contains about 50% dissolved materials and 50% suspended 
solids. The main components are; nitrogenous compounds (urea, proteins), 
carbohydrates (sugars, starches, cellulose), fats (soap, oil, grease), chloride, metallic 
salts, grit. Figure 1.6 indicates the composition of typical raw sewage. 
Raw S e w a g e 
Total Solids (0.1%) Water (99%) 
/ Organic (70%) 
Proteins (65%) 
Carbohydrates (25%) 
Fats (10%) 
inorganic (30%) 
t— Grit 
Metals 
— Salts 
Figure 1.6 Composition of typical raw sewage (after Harrison, 1983) 
The majority of Sewage Treatment Works (STWs) in the UK use a common 
system layout as summarised in Figure 1.7. At the inlet of the sewage treatment 
works the wastewater is slowed down in Primary Settlement tanks, where suspended 
solids are settled out to produce raw, untreated Primary Sludge. Following primary 
settlement the wastewater is treated using an aerated system Secondary Biological 
treatment where aerobic bacteria and higher micro-organisms consume the sewage 
contaminants, either in filter beds or activated sludge tanks. These organisms form a 
thick suspension which is settled out in clarification tanks to produce Secondary 
Biological Sludge. 
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Figure 1.7 Typical UK sewage treatment layout [after Harrison, 1990] 
In most sewage treatment plants the two sludges are combined to form Raw 
Sludge which, in the majority of cases in the UK, is further treated by Anaerobic 
Digestion. In this process anaerobic bacteria consume the sludge materials in a series 
of processes, the final stage of which generates methane which is collected and often 
used to fuel the treatment works. This considerably reduces the volume of sludge, 
renders a much less offensive material and destroys the majority of pathogens 
contained within the raw sludge. 
Prior to disposal sewage sludge generally contains only 7% solids and 
dewatering is usually practised to reduce the volumes requiring storage and transport. 
Sewage sludge applied to land by a liquid injection technique is the only exception to 
this. Several methods of dewatering are common, such as belt pressing, filter pressing 
and centrifuging. Sludge is difficult to dewater and conditioners are usually added to 
improve the dewatering process. In the UK these are usually organic polymers. 
Following dewatering sludge solids will have increased to between 15 and 30% solids, 
depending on the nature of the process and the effectiveness of the 
equipment/conditioners etc. 
Sewage sludge is extremely variable in character. The two main forms of 
sludge, raw and digested, are different, as are the sludges produced from different 
biological treatments. In general sludges are composed of a mixture of dead 
microbes, cellulosic materials not degraded by the digestion processes, ash in the form 
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of dust and metals and a huge variety of minor components and pollutants. At present 
the pollutants of greatest concern when considering sewage sludge disposal are heavy 
metals, dioxins, herbicides/pesticides and organochlorine compounds. Table 1.7 gives 
the composition range of typical sewage sludges although they are very 
heterogeneous materials and sludge characteristics will vary from plant to plant. 
The important parameters relating to this study are the percentage of volatile 
solids, levels of proteins and amount of cellulose present in the different types of 
sludge. Digested sludges contain less volatile material than raw sludges and this could 
be expected to influence the nature of the material's thermal degradation 
characteristics. Levels of cellulose, grease, fat and proteins are similar between 
different sludges and will be expected to strongly influence degradation patterns. As 
discussed in Section 4.2 degradation reactions have many features in common with 
cellulose breakdown. Modifications to this pattern are likely to be due to the effect of 
the other major components, protein, grease fat etc. 
Table 1.7 Typical composition ranges for US and European sewage sludges 
[Tchobanoglous & Burton 1991, Roca et al, 1989] 
Untreated Primarv Digested Primarv Activated 
Sludge Sludge Sludee 
Range Typical Range Typical Range 
Total Dry Solids TS (%) 2-8 5 6-12 10 0.83-1.16 
Volatile Solids (%TS) 60-80 65 30-60 40 59-88 
Grease/Fats 6-30 - 5-20 18 -
Ether Soluble 
Ether Extract 7-35 - - - 5-12 
Protein (%TS) 20-30 25 15-20 18 32.41 
Nitrogen (%TS) 1.5-4 2.5 1.6-6 3 2.4-5 
Phosphorus (%TS) 0.8-2.8 1.6 1.5-4 2.5 2.8-11 
Cellulose (%TS) 8-15 10 8-15 10 -
PH 5-8 6 6.5-7.5 7 6.5-8 
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lA ACTIVATED CARBON 
1.4.1 The Nature Of Activated Carbon 
Activated carbon is an extremely useful material with many varied applications 
due to its capacity to adsorb substances from both gaseous and aqueous phases. 
Despite the potential for regeneration, due to high energy consumption during 
production, it is an extremely expensive material and as such is only used in situations 
where cheaper methods are not available. Typical applications are: purification of 
drinking water, removal of toxic vapours in gas masks, recovery of valuable materials 
from waste streams, catalyst substrate and the treatment of liquid effluent or gas 
streams. 
It is produced from a range of carbonaceous materials (including, wood, coal, 
lignite, peat and coconut shell) and possesses a characteristic highly developed porous 
network resulting in a large surface area. Commercial carbons typically have surface 
areas of between 400 and ISOOmVg, and can be as high as 2500m /g [Bansal et al., 
1988]. It is these properties that result in the significant adsorptive capacity that 
makes activated carbons so useful as high quality adsorbents. 
1.4.2 Manufacture 
Activated carbons are manufactured by a variety of different techniques using 
a range of raw materials. The properties of any particular carbon are predominantly 
due to the nature of the precursor, although process variables are also important. In 
general two main stages are involved in the production of carbons, carbonisation and 
activation. 
Carbonisation involves heating the raw material precursor to high 
temperatures (up to 800°C [Bansal et al., 1988]) in an inert atmosphere such as 
nitrogen. This produces a carbon char with limited adsorptive properties. During 
carbonisation volatile organic material is driven off, followed by inorganic elements 
such as hydrogen, sulphur, oxygen and nitrogen. The remaining organic matenal is 
reorganised into polycyclic structures which link to form small plates {elementary 
crystallites) [Hassler, 1967]. These plates are of the same basic structure as graphite, 
but are not formed into highly ordered sheets. Instead, they are randomly oriented to 
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form a chaotic mass containing slit-like voids which form the pores of the char. It is 
the formation of large numbers of interconnecting pores that provide the large surface 
areas upon which adsorption can take place. Figure 1.8 shows a theoretical 
interpretation of the structure of activated carbon. 
Figure 1.8 Schematic illustration of the theoretical structure of activated 
carbon [Bansal et al, 1988] 
At this stage the char only has limited adsorptive properties due to the early 
loss of volatile materials. As these volatilise tarry residues are deposited within the 
forming pores, restricting the surface area and access to the available adsorptive 
surfaces [Wigmans, 1989]. To overcome this a second stage is employed called 
activation. Two types of activation are used; physical activation and chemical 
activation. 
Physical activation is the most commonly used industrial process. It involves 
heating the char in a flow of reactive gas such as steam, carbon dioxide or air to 
temperatures usually in excess of 800°C [Rodriguez-Reinoso et al, 1995]. The gases 
react with the tarry residues and so open blocked and restricted pores. In addition the 
gases react with the edges of the elementary crystallites resulting in 'bum off. This 
widens the pores and creates active sites on the carbon surface (Section 1.4.3) 
[Smisek & Cemy, 1970]. Several factors are important in controlling these processes; 
49 
carbonisation temperature and dwell time, heating rate and the atmosphere used. The 
majority of activated carbon produced world-wide is manufactured by steam 
activation. As the reaction with steam is relatively slow very large kilns are required 
to allow sufficient residence times. This also allows some flexibility in the process 
conditions which allows the pore size to be readily altered to suit a particular 
application. CO; and steam, the most common physical activants, produce carbons 
with different characteristics. Steam generally produces microporous carbons with 
little mesoporosity, whereas CO; tends to produce carbons with more large 
micropores and mesopores. This is largely due to the larger size of the CO; molecule 
which is slower to diffuse into the porous carbon and has a slower reaction rate than 
steam [Wigmans, 1989; Khan, 1995; Rodrizguez-Reinoso et al., 1995]. 
Chemical activation operates by a completely different mechanism. The 
precursor is impregnated with the chemical activant prior to carbonisation and heated 
in two stages, the first occurring at a lower temperature to produce carbonisation and 
development of the porous structure and the second at a higher temperature to 
produce activation. The mechanisms of chemical activation are not fully understood 
but in simple terms operates by suppressing volatilisation and preventing formation of 
the pore blocking tars. Part of this action is due to dehydration of the precursor 
which facilitates decomposition reactions, preventing tar formation [Norit, 1995], and 
a possible catalytic effect which increases tar decomposition reactions [Khan, 1995] 
With cellulosic precursors the activant causes the cellulose structure to swell and then 
supports this structure during carbonisation, preventing shrinking and retaining the 
porous network [Norit, 1995]. The selection of an appropriate activant is therefore 
based on trial and error, but common well documented activants are: ZnCl^, H^SO^, 
H3PO4, KOH, KjS and KCNS [Hassler, 1967; Bansal et al., 1988; Pollard, 1990] 
Following carbonisation/activation the adsorbent is rinsed to recover the activant 
which can generally be recycled. 
The two most commonly used chemical activants are zinc chloride and 
phosphoric acid. However, due to the difficulties associated with the use of the highly 
corrosive zinc chloride and the environmental concerns of residual zinc present in the 
carbons, even after acid washing, the use of zinc chloride is decreasing in favour of 
phosphoric acid [Norit, 1995] 
50 
Two types are carbon can be produced using these different activation 
methods; Powdered Activated Carbon (PAC), and Granular Activated Carbon 
(GAC). As their names suggest the difference between these materials is the grain 
size. No fixed definition based on grain size exists but GAC is generally composed of 
coarser particles between 0.25 and 5mm in diameter [Norit, 1995], although the grain 
size used will vary depending on the bed depth used for any particular application. 
GAC has the advantage of being regenerable and is therefore used in situations where 
large amounts of adsorbent are required, such as in treatment of potable water and in 
gas phase applications where use of PAC would result in too great a pressure drop 
over the bed [Norit, 1995]. GAC is sometimes produced from pelletised raw 
materials which have been mixed with a binding agent such as hardwood tar, coal tar 
or pitch [Smisek & Cemy, 1970; Jankowska et al, 1991]. PAC is usually 
manufactured using a chemical activation technique and is most commonly applied in 
liquid phase applications in a batch process from which it is removed from the final 
efiluent and disposed. This makes its use more versatile as the dosage can be easily 
varied and PAC can be used in standard tanks, filters etc. 
1.4.3 Structure Of Activated Carbon 
Activated carbon is a crystalline material composed of elementary crystallites 
formed from polycyclic rings which are held together in a lattice by covalent bonds 
with adjacent carbon atoms [Hassler, 1967]. The size of the crystallites will depend 
on the carbonisation temperature and this will therefore strongly influence the 
porosity of the material. 
Crystallite formation is an extremely complex process that involves many 
potential reaction pathways and is therefore not fijlly understood. Fundamentally it is 
a process of aromatic nucleation, growth and polymerisation but the details are 
uncertain. Several possible mechanisms have been suggested and are discussed by 
Lewis [1982]. The most important stage is the thermal re-arrangement of the 
aromatic process intermediates, as it is this potential for reorganisation which causes 
the process to be so complex. Few of the potential processes are likely to be 
complete and thus residual starting material will be attached to the crystallites. 
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resulting in a heterocyclic structure which can strongly influence the adsorptive 
character of different carbons, produced from different precursors. 
Formation of the crystallites is a random process, unlike that occurring during 
graphite formation, and results in a disordered structure with the flat crystallite sheets 
forming the walls of slit-shaped pores of differing sizes [Pollard, 1990] 
The porous structure of activated carbons has been classified into three 
groups; macropores (width > 50nm), mesopores (width 2-5Onm) and micropores 
(width < 2nm) [Rodriguez-Reinoso, 1986]. This classification has now been adopted 
by the International Union of Pure and Applied Chemistry (lUPAC) [Greg & Sing, 
1982]. The adsorptive properties will be to a large degree determined by the 
distribution of these different pore sizes. Micropores provide the largest proportion 
of the surface area and hence are the most important for adsorption of adsorbate 
molecules. However, the mesopores and macropores are vital to allow rapid 
transport of the adsorbate molecules into the internal microporous structure. Pore 
size distributions of carbons are influenced by many factors; the structure and 
chemistry of the precursors, activation method, temperature, heating rate and dwell 
times during carbonisation and activation. 
The surface chemistry of activated carbon also plays an essential role in 
determining the character of the carbon. The disorganised structure of the elementary 
crystallites, surface fractures, imperfections and carbon bum off during physical 
activation, creating edges to the carbon sheets which will have charge imbalances. 
This provides the potential for adsorption of specific adsorbates onto the carbon 
surface. The incorporation of heteroatoms such as oxygen, sulphur, nitrogen or 
residual precursor material into the polycyclic rings v/ill also affect the adsorption of 
specific adsorbates. Oxygen-containing functional groups are believed to play a 
particularly important role in selectivity of adsorption of particular adsorbates 
[Mattson et al. 1969; Cookson, 1978]. Carboxylic, phenolic, quinolic, lactone and 
peroxy functionalites are often cited as being largely responsible for the chemisorption 
exhibited by many carbons (Figure 1.9). 
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Figure 1.9 Common functional groups found on carbon surfaces [Cookson, 
1978] 
1.4.4 Adsorption Processes 
1.4.4.1 Theory Of Adsorption 
Activated carbons display adsorption both from gases and liquids. Molecules 
of adsorbate are transported rapidly through the extensive porous network to sites 
where adsorption occurs. The large surface area available for adsorption allows large 
quantities of adsorbates to be adsorbed. Adsorption occurs on the carbon surface by 
both chemical and physical forces and thus two adsorption processes are defined; 
chemisorption and physisorption. 
Physisorption is the dominant adsorption mechanism in activated carbons, 
particularly in gaseous adsorption systems. It occurs due to Van der Waals forces, 
which are attractions induced by matching oscillations in the electron clouds of 
adjacent molecules. As the adsorbate molecule approaches the surface these weak 
attractive forces tend to hold the molecules to the carbon surface. The strength of the 
attraction will differ for different adsorbates and at different sites on the carbon 
surface. 
Chemisorption is most important for the specific adsorption of particular 
adsorbates and some carbons are tailored to display chemisorption properties for 
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particular materials. It is caused by functional groups on the adsorbent surface which 
exert normal electrostatic forces, which can either be attractive or repulsive depending 
on the types of functionality of the adsorbent and adsorbate. 
Physisorption and chemisorption display a number of different characteristics: 
• heats of adsorption are much larger in chemisorption, being a more exothermic 
chemical process 
• physisorption is a reversible process, whereas in chemisorption it is much more 
difficult to remove adsorbate from the surface 
• multi-layer adsorption is common in physisorption systems, whereas monolayer 
adsorption occurs during chemisorption 
1.4.4.2 Adsorption Isotherms 
Both physisorption and chemisorption are thermodynamic processes involving 
changes in enthalpy. During adsorption an equilibrium will be established which will 
be temperature dependent. Hence comparative studies are conducted at constant 
temperature by use of the adsorption isotherm. 
In gaseous systems the amount of gas adsorbed onto a known mass of carbon 
is dependent on the temperature and the relative pressure p/p^. The curve obtained by 
plotting gas uptake (na) against the relative pressure (p /p j at constant temperature 
(usually 77°K for adsorption) gives the adsorption isotherm. 
The shapes of the adsorption isotherms are often characteristic of the nature of 
the porosity of the adsorbent. A system of classification has been developed called 
the BDDT classification after its authors Brunauer, Deming, Deming and Teller 
[Lowell & Shields, 1984] (Figure 1.10). Adsorption can take place in several ways. 
Monolayer adsorption describes the situation where a single sheet of molecules forms 
on the adsorbent surface. Multilayer adsorption assumes that a stack of molecules 
several layers thick builds up, often before the first layer is complete. This can occur 
as the initial layer behaves very like the adsorbent surface and can attract successive 
layers. 
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On desorption, as p/p„ is reduced, and molecules are removed from the 
adsorbed layers, the resultant isotherm does not always follow the same path as the 
adsorption isotherm. This phenomenon is called hysteresis, and has been used by de 
Boer [Lowell & Shields, 1984] as the basis of a second isotherm classification which 
is compatible with the BDDT scheme (Figure 1.11). Hysteresis is caused by capillary 
condensation. Where a film of adsorbed molecules has formed on the walls of the 
larger mesopores a core is left which will fill with condensed gas at a particular 
relative pressure. When the pressure is reduced during desorption the liquid will 
remain in the pores causing the hysteresis effect on the isotherm. 
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Figure 1.10 BDDT isotherm classification scheme [Lowell & Shields, 1984] 
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Figure 1.11 lUPAC hysteresis classification scheme (modified from de Boers 
original scheme) [Greg & Sing, 1982] 
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The majority of activated carbons are of BDDT Type-I, FV or intermediate 
between these two extremes. Very microporous carbons display Type-I isotherms 
with high initial adsorption, a very sharp 'knee' and a flat plateau, with little or no 
hysteresis indicating the lack of mesopores. Many carbons, including those examined 
in this study, have Type-FV isotherms with Type-H3 hysteresis loops. The sharpness 
of the isotherm 'knee' indicates the extent of microporosity in the sample, and the 
shape and size of the hysteresis loop the number and shape of the mesopores. 
Type-H3 hysteresis loops are indicative of slit shapes pores formed between plate-like 
particles, whereas Type-H4 hysteresis is suggestive of microporosity. 
In liquid systems, adsorption from solution follows the same fundamental 
principles and is also most conveniently studied using adsorption isotherms. The 
amount of adsorbate adsorbed per gram of adsorbent (qe) is plotted against the 
equilibrium concentration (Ce) at constant temperature. The amount adsorbed (qe) is 
best calculated from measurements as follows. This accounts for the amount of 
carbon and the volume of solution used in the experiments. 
q. = ^(Co - C,) 
where q, = amount of adsorbate adsorbed per gram of (mgl'^g'^) 
adsorbent, at equilibrium 
V = volume of solution used 0) 
m = mass of carbon used (g) ^ 
Co = initial adsorbate concentration (mg 1 
C° = residual adsorbate concentration at equilibrium (mg 1 ) 
The major difference between liquid and gaseous adsorption systems is that 
liquid phase adsorption is strongly influenced by surface chemistry, resulting in strong 
chemisorption forces, and the interactions between the adsorbate, the solute and any 
other dissolved species in the liquid. Giles et al. [1960] conducted a series of 
adsorption experiments for over 100 adsorbates using different solvents and 
adsorbents. Based on this work a classification for solution adsorption systems was 
devised based on 4 types of adsorption isotherm shape. Figure 1.12 shows this 
classification. Although it is purely a descriptive system the isotherm type can give 
useful information about the nature of the interactions between the solid adsorbent, 
the adsorbate and the solvent. S-Curves are indicative of a vertical orientation of the 
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adsorbate on the adsorbent surface, while L-Curves (the normal or Langmuir 
isotherms) are usually indicative of the flat adsorption of adsorbate molecules. 
H-Curves (high affinity) commence at a positive value on the y axis rather than the 
origin and are often generated by high affinity molecules exchanging for low affinity 
compounds. C-Curves are linear curves given by adsorbates which penetrate into the 
adsorbent faster than the solvent molecules. Sub-groups of these isotherm types are 
defined by portions of the isotherm further fi-om the origin such as the type of plateau 
(single, multiple stepped, none etc.). 
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Figure 1.12 Liquid adsorption isotherm classification system [Giles et al., 
1960] 
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1.4.4.3 Adsorption Models 
Several models have been developed to describe the adsorption process. Each 
model has certain assumptions and limitations which must be considered when 
applying the model to a particular situation. Three commonly applied models have 
been used in this study; 
Freundlich: This was one of the earliest models, produced in 1907, and has a 
purely empirical basis. It is most commonly used to study adsorption from solution 
[Faust & Aly, 1987]. 
q. = KrCr 
In linear form: 
Inq, = InKf + ^lnCc 
where q, = amount of adsorbate adsorbed per gram of (mg 1"^  g'^) 
adsorbent, at equilibrium 
Cg = residual adsorbate concentration at equilibrium (mg i"') 
Kf = adsorbate constant (adsorption capacity) (mg g"') 
1/n = adsorbate constant (adsorption intensity) (i g"^ ) 
Use of the Freundlich equation allows the calculation of the model constants 
Klf and 1/n which can be used to compare the adsorptive properties of different 
adsorbents. The value of is a measure of the adsorbent capacity and 1/n is 
indicative of adsorption intensity. In activated carbons 1/n is usually <1.0. Steep 
slopes (1/n close to 1) indicate high adsorptive capacity at high concentrations but 
which tails off quickly at low concentrations i.e. low adsorption intensity. Shallow 
slopes (1/n « 1 ) indicate the adsorption capacity is not strongly influenced by the 
concentration i.e. a high adsorption intensity [Faust & Aly, 1987]. 
The Freundlich model is limited in that it does not have a limiting 
concentration (saturation value) and that it is not linear at low concentrations. 
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Langmuir: The Langmuir equation was developed in 1916 for application to 
gaseous systems, but it is now more commonly used to study adsorption from 
solution. It has a theoretical basis and attempts to improve upon the limitations of the 
Freundlich and other models. Three fundamental assumptions are made as the basis 
of the model; 
1. Every site on the surface is equivalent, with identical adsorption energy 
2. Adsorption at a particular site is independent of the state of 
neighbouring sites 
3. Monolayer adsorption occurs 
For solid - liquid systems the following equation is obtained [Faust & Aly, 
1987]: 
QobC. 
q. = 
l + b C , 
where q^  = amount of adsorbate adsorbed per gram of (mg 1'^  g"') 
adsorbent, at equilibrium 
C, = residual adsorbate concentration at equilibrium (mg 1"^ ) 
Qg = adsorbate constant (adsorption capacity) (mg g"^ ) 
b = adsorbate constant (adsorption intensity) (i g"') 
The equation can be linearised by taking the reciprocal of both sides. This 
allows 1/q^ to be plotted against 1/C, and the equation constants calculated. and q^  
are the same parameters as in the Freundlich model, is equivalent to K^ - (adsorption 
capacity), b is related to the heat of adsorption [Faust & Aly, 1987]. 
1 - 1 + 1 
q« Q" Q°bC. 
Due to the assumption of monolayer coverage the Langmuir equation is not 
always reliable at high concentrations, where multilayer adsorption may become 
significant. 
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BET Equation: The BET model (Brunauer, Emmett and Teller) is the most 
widely used model for gaseous phase adsorption studies. Nitrogen adsorption using 
the BET equation has become the standard method for determining surface areas of 
adsorbent materials such as active carbon. 
The equation is derived from the Langmuir model, with three simplifying 
assumptions which allow application to both monolayer and multilayer adsorption: 
1. All layers except the first have a heat of adsorption equivalent to the 
molar heat of condensation. 
2. All layers except the first have the same evaporation and condensation 
conditions. 
3. When p = p^  the adsorbate forms a liquid with an infinite number of 
layers on the surface of the adsorbent. 
These assumptions are arguable in their validity and limit the upper and lower 
pressure (p /p j range over which the equation is linear. However, these limitations do 
not affect the practical use of the model for surface area analysis. The region between 
0.05< p/p„<0.35 is generally the pressure range where monolayer coverage is 
complete and this coincides with the linear range of the BET equation [Lowell & 
Shields, 1984]. The constants derived from the equation over this range can be used 
to determine the surface area of the solid, and this is the most common use of the 
BET equation. Due to the assumptions made and the type of adsorbate used it is 
important to note that the surface areas calculated are not total surface areas but a 
qualitative measure that can be usefully applied to compare different adsorbents. This 
is particularly true for microporous materials which generally have shorter linear 
regions at lower p/p^ [Kenny, 1991]. 
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The linear form of the equation is [Greg & Sing, 1982]: 
P/Po _ 1 ^ ( C - l ) p 
i^a(l p/po) po 
where p = pressure of the vapour (mm Hg) 
p„ = saturation vapour pressure of the adsorbate (mm Hg) 
n, = number of moles of gas adsorbed (mol) 
n^ - monolayer adsorption capacity (cm^ g'^) 
C = BET constant related to the enthalpy of adsorption 
1.4.4.4 Porosity Determination 
Pore Size Distributions: An important extension to isotherm analysis is the use 
of adsorption/desorption isotherms to calculate pore size distributions. Several 
methods have been developed, the majority of which use approaches based upon the 
Kelvin equation. The method utilised by the analytical equipment used in this study is 
derived from the BJH (Barret, Joyner and Hallender) method and assumes pores are 
cylindrical [Coulter, 1991]. This uses the Kelvin equation to correlate the relative 
pressure (p /p j of the nitrogen in equilibrium with the porous solid to the size of the 
pores. The Kelvin equation is given below, but a detailed theoretical analysis of the 
basis of the Kelvin equation and BJH method is given by Greg & Sing [1982]. 
| n i - - 2 y v l 1 
Po RT Cm 
where p = pressure of the vapour (mm Hg) 
p^ = saturation vapour pressure of the adsorbate (mm Hg) 
Y = surface tension (Nm ) ^ 
Vl = molar volume ("^ ) 
r^ = mean radius of meniscus curvature (mn) ^ 
R = gas constant (J n^ol ) 
T = temperature (K) 
The most important practical limitations are that the Kelvin equation starts to 
break down below about 2nm (20A) and above 25nm (250A), i.e. outside the 
mesoporous range. In practice this means that the Kelvin equation cannot be used to 
give reliable information about micropores as a well-defined liquid meniscus cannot 
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form in pores <2nm [Kenny, 1991]. In addition the model assumes cylindrical pore 
shapes rather than slit shaped pores which are common in many activated carbons. 
Results of the BJH method should only be used for comparing similar materials where 
non-cylindrical pores are suspected. 
t-Plot Determination of Micropore Volume: The method of t-plot analysis 
was developed by Lippens & de Boer as a means of differentiating between 
micropores and mesopores. The adsorption isotherm is plotted as the volume of gas 
adsorbed 'V against the statistical film thickness 't', which is the thickness of the 
adsorbed gas on the pore walls [Greg & Sing, 1982]. 
The effect of porosity within a sample is to change the shape of the t-plot in 
comparison to a non-porous standard isotherm which would produce a straight line 
plot through the origin. Mesoporous materials produce capillary condensation within 
the larger pores enhancing uptake at a given relative pressure, therefore producing an 
upward deviation fi-om the standard isotherm. Microporosity will enhance uptake in 
the low pressure region causing an upward deviation at low pressures. 
Calculation of the slopes of different portions of the isotherm and the y-axis 
intercept allows calculation of the micropore volume and surface area of meso and 
macropores (external surface area - Se) [Coulter, 1991] The microporous surface 
area (internal surface area - Si) can then be determined by subtracting the external 
surface area from the nominal total surface area based on the BET area (St). 
Horvath and Kawazoe Micropore Distributions (HK): This method was 
developed to determine the distribution of micropores, originally for molecular sieve 
carbons. Based on Lennard-Jones constants and Gibbs free energy of adsorption, an 
expression can be determined which relates effective micropore diameter (based on a 
slit shaped micropore) to the adsorption isotherm [Coulter, 1991]. From this a 
distribution curve can be generated which plots the normalised volume adsorbed 
(WAVJ against the effective pore diameter. The HK equation has the form [Kenny, 
1991]: 
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<P./ a ' ( l -d) 
o'° g l _ + _o!.° 
3(1-d) 9(1-d/2)' 3(d/2)' 9(d/2) J 
where L = Avogadro's Number (molecules mol ) 
r = distance between a gas molecule and the adsorbent surface ^  (mn) 
= Number of atoms per unit area of the adsorbent (atoms m ) 
Na = Number of adsorbed molecules per unit area (molecules m ' ) 
A, = Adsorbent constant 
= Adsorbate constant from the Lennard-Jones 10:4 potential 
1 = distance between the nuclei of the two pore walls (nm) 
d = summation of the diameter of an adsorbate molecule and an 
adsorbent atom which is less than 1. (nm) 
With the porosity analysis system used (Omnisorp 100) the HK distributions 
generated give information on pore sizes ranging from between 0.4 - 2nm m width, 
covering the upper microporous range. 
1.4.5 Apnlications Of Activated Carbons 
Activated carbons are now used in a huge variety of applications for both 
gaseous and liquid adsorption. In liquid systems extensive use is being made of active 
carbons in potable water treatment, municipal wastewater treatment and industrial 
wastewater treatment. Application in these situations is related to their ability to 
remove taste, odour, colour and toxic materials (both organic and morgamc) from 
these aqueous streams. Uses of activated carbon for industrial effluent treatment are 
continuously expanding due to the increased concern and tougher legislation 
concerning emissions of aqueous pollutants into the environment. 
Potable water treatment has been a large application for activated carbons 
for many years due to the ability of powdered and granular carbons to remove taste 
and odours more effectively than the alternatives such as chlorination, aeration and 
ozonation [Weber & Smith, 1985]. In the UK the majority of large water treatment 
plants use large filter beds of GAC, which is usually regenerated and reused. PAC 
(bone charcoal) has also been investigated for use in slow sand filters to remove taste 
and odour from small rural water supplies [Lewis, 1995]. 
For municipal effluents, GAC is an extremely effective tertiary treatment 
which reduces suspended solids and chemical oxygen demand, along with trace 
micropoUutants such as phenols, pesticides and herbicides, which may be resistant to 
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biological treatment, to very low levels. However, it is an extremely expensive 
process to treat such large volumes of effluent with carbon and tends only to be used 
in sensitive locations where very pure effluents are required. 
Industrial effluents often contain pollutants which are difficult to treat using 
other methods. This may be due to their toxicity to biological organisms, or to their 
low concentrations. Examples are phenols, dyes, heavy metals, chlorinated 
compounds, herbicides and pesticides. Application of active carbon for industrial 
wastewater treatment has in the past been limited due to the high costs of these 
adsorbents. However, the growing costs of effluent treatment and discharge to sewer 
and the imposition of increasingly severe discharge consents have resulted in active 
carbons finding wider markets in the industrial sector than previously. 
Recent reviews of the use of active carbons have been conducted by Lyman, 
[1987], Bansal [1988], Pollard et al. [1992] and Turner [1995]. 
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ItEVTEW OF PRIOR STUDIES 
1.5.1 Low Cost Adsorbents 
The increasingly severe discharge standards and high costs of wastewater 
treatment are causing industries, particularly in developing countries, to look for 
relatively cheap adsorbents, which can be used for effective effluent treatment. A 
large number of studies have, accordingly, been conducted to investigate the 
possibilities of producing carbon adsorbents from waste materials. A large number of 
adsorbents have been successfully produced from agricultural wastes in particular. 
Some studies have also examined the utilisation of industrial and municipal wastes. A 
selection of the types of waste precursors used in adsorbent production studies are 
shown in Table 1.8. The production of low cost adsorbents and their application to 
effluent treatment have been extensively reviewed by several workers and so these are 
not examined in detail here [Pollard et al., 1992; Heschel & Klose, 1995; Fowler, 
1996]. Instead the use of clay carbon adsorbent and the production of adsorbents 
from sewage sludge which are directly relevant to this study are discussed in the 
following sections. 
Table 1.8 Examples of waste materials used to produce low cost adsorbents 
[after Pollard, 1990] 
Agricultural Waste Industrial Waste General Waste 
Nut shells Distillery wastes Sewage sludge 
Fruit stones Refinery sludges Municipal waste 
Seed husks Beet sugar sludges Waste tyres 
Coffee beans Leather waste Rubber waste 
Cereals Spent bleaching earth Cloth waste 
Waste wood and bark Oil shale 
Straw Pulping wastes 
Molasses 
The criteria for choosing a potential carbon precursor have been discussed by 
Bansal et al. [1988]. These involved simple characteristics such as ease of handling, 
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availability of adequate volumes, storage life, minimal cost, and most importantly high 
organic contents. In general most wastes will not fulfil all these criteria and the 
majority of studies are conducted due to problems in disposal of a particular local 
waste. In the case of this study the two wastes examined were chosen due to their 
organic content and recent problems associated with their future disposal and the 
desire of the relevant industries to develop alternative treatment/disposal options. 
1.5.2 riav Carbon Adsorbents 
Several of the materials developed in this study were produced fi"om a mineral 
clay/waste mixture. A number of other clay carbon materials have been studied by 
previous workers and some aspects of these materials are relevant to the current 
study. Development of clay carbon materials has occurred via two routes; firstly the 
study of improved hybrid ceramics and secondly the re-use of mineral earth wastes. 
Production of interlayer carbon complexes within pure clay materials has been 
studied with the aim of producing improved conducting ceramics for use in fuel and 
halogen batteries. Takaki et al. [1987 and 1989] investigated this possibility using 
sintered mixtures of 0-20% carbon with various clay minerals. They produced highly 
porous materials (50-65% porosity) with good electrical conductivity and high 
resistance to thermal oxidation. Similar studies were performed by Oya et al. [1981, 
1985, 1986] in which they have examined properties of clay carbon complexes formed 
from montmorillonite and a-naphthylamine. Sonobe et al. [1988] produced a carbon 
material &om polyacrylonitrile and montmorillonite clay by carbonisation at TOOT for 
3hr under nitrogen. By extracting the carbon fi-om the clay using hydrofluonc acid 
they were able to closely examine the properties of the carbon formed. Based on 
these observations they proposed a scheme whereby the organic molecules are 
absorbed as films within the layer structure of the clay and then carbonised in situ. 
This is the model used in more recent studies on the production of clay carbon 
adsorbents &om spent bleaching earth. 
The search for a re-use of spent bleaching and raffination earth is the second 
route whereby clay-carbon materials have been produced Kalapusta et al. [1984] 
examined the thermal treatment of spent palygorskite-montmonllonite clays from the 
treatment of petroleum refining products. The materials were thermally treated using 
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optimum conditions of 850°C in a steam/HCl atmosphere. Modification of the 
adsorbed hydrocarbons on the clay surfaces and partial modification of the mineral 
part of the adsorbent resulted in materials with surface areas of 130mVg and 
considerable adsorption properties for aqueous phase phenol, ethylene glycol and 
vapour phase hexane. Uses of this material were envisaged as filtering agents for 
removal of oil emulsions and as rubber fillers. 
Korczak & Kurbiel [1989] developed a mineral based adsorbent fi"om a similar 
waste earth derived fi"om the treatment of lubricating oils. This was carbonised and 
activated using sulphuric acid at 350°C. The clay-carbon produced showed promising 
adsorption properties and was successfully applied to the treatment of textile industry 
wastewater at approximately half the cost of a commercial granular activated carbon 
with only a small reduction in performance. Colour removal was 99.9%, TOC 75%, 
and COD 78%. 
Pollard [1990] examined the possibility of producing a clay-carbon adsorbent 
fi-om spent bleaching earth fi-om the edible oil industry. An optimisation programme 
which involved the study of a wide variety of potential activation agents resulted in 
the adoption of a zinc chloride activation procedure (carbonisation at 450°C for 2hr, 
activation 600°C for Ihr). Adsorbents were produced with high removal efficiencies 
for benzo(a)pyrene in coconut oil and these were considered to represent a cheaper 
alternative to the active carbon used at the time for polyaromatic hydrocarbon (PAH) 
removal. The adsorbents also proved potentially useful for improving the strength 
and reducing the organic content of leachates of solidified waste. 
All of these clay carbon materials display adsorption properties based on the 
formation of an adsorptive carbon char within the interlamellar structure of the 
mineral clay support, according to the model proposed by Sonobe et al. [1988]. In his 
studies of spent bleaching earth Pollard [1990] has proposed an adapted model for 
the formation of activated clay carbon adsorbents from mineral earth wastes, as 
shown in Figure 1.13. 
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Figure 1.13 Theoretical model for the formation of clay carbon adsorbents 
[after Pollard, 1990] 
1.5.3 Sewage Sludge Carbonisation and Pvrolvsis Studies 
Relatively few studies have been conducted which have examined the 
carbonisation and production of adsorbent materials from sewage sludge. The 
majority of work has been conducted on thermal drying processes and incineration. 
These have been reviewed by Dawson & Gokare [1994] and are not discussed here. 
Some studies were made in the 1970s in which sewage sludges were pyrolysed using 
modified multiple hearth incinerators. More recently there has been extensive interest 
in the pyrolysis of sewage sludge to produce oil as a potential fuel, but only a few 
workers have studied the potential for optimising carbon rather than oil production 
from such systems. These various approaches to thermal treatments of sewage sludge 
are examined in this section. 
Bilitewski [1979] discussed the potential for production and application of 
adsorbents produced from various bulk waste materials. Domestic refuse, sewage 
sludge, tyres and paper mill wastes are all considered. Using a simple degasification 
technique the carbons produced from these wastes were compared for carbon content 
and BET surface area. Bilitewski concluded that the most suitable adsorbents for 
activation would be obtained from waste tyres due to the high carbon content and low 
ash content. However, these criteria are based on a desire to minimise losses of 
material in the production process. Whilst this is desirable there is considerably 
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greater pressure to dispose of sewage sludge today, given the restricted disposal 
options and increased volumes produced. Thus, although there will be a large 
reduction in yield for sewage sludge and a greater proportion of ash in the final 
carbon thereby increasing the amounts required for effective application, 
carbonisation of sewage sludge is considered to be a potentially feasible waste 
treatment/re-use option today. 
Beeckmans & Park [1971] reviewed the possibility of pyrolysing sewage 
sludge to produce an adsorbent suitable for use in tertiary wastewater treatment to 
reduce BOD. This was conducted in a multiple hearth furnace using an oxygen 
deficient gas flow for various residence times between 50 and ISOmin. The optimum 
adsorbent was produced with a dwell time of 90min and possessed a carbon content 
of 14.1%. The adsorbent showed an intermediate adsorption capacity for COD and 
for ciystal violet dye between that of fly ash and a commercial carbon. This relatively 
simple carbonisation procedure demonstrates the feasibility of producing adsorbent 
materials from sewage sludge. 
Brovko et al. [1977] studied the pyrolysis of sewage sludge and municipal 
refuse as a possible replacement for incineration that was more energy efficient, that 
yielded more useful products and may have less problematic pollution control 
problems. They pyrolysed several sewage sludges, municipal wastes and 
sludge/refuse mixtures to produce a variety of oils with substantial fuel value. The 
potential uses of the char were not studied. 
Tanada et al. [1983] and Boki et al. [1984] examined the use of pyrolysis 
ashes from sewage sludge to remove methylene blue dye from wastewater. The 
carbon contents of the adsorbents produced varied considerably between samples of 
sewage sludge collected at two different times of the year, reflecting the 
heterogeneous and variable nature of sewage sludge which makes its study so 
difficult. The adsorbents produced by this process had low carbon contents (<4%) 
and low BET surface areas (15-35mVg). Accordingly, methylene blue uptake was 
low in comparison to commercial activated carbons, although the intra-particulate 
diffusivities were several times higher due to the presence of transitional pores 
(mesoporosity). Potential applications and the feasibility of utilising these materials 
was not discussed, although clearly performance of these materials was limited. 
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However, the carbonisation process was simple with no activation steps and little 
optimisation of the process was conducted. A more extensive study to improve 
sewage sludge carbonisation process could be expected to yield improved adsorbents. 
Chiang and You [1986 & 1987] have investigated the properties of adsorbents 
produced from sewage sludge by a zinc chloride activation procedure smiilar to that 
used in part of this study. Their studies concentrated on maximising the yield of the 
adsorbent and the BET surface area. An optimum adsorbent was produced by 
treating sewage sludge with 5mol ZnC^ and heating at 550°C under nitrogen for Ihr. 
Interestingly increasing residence times did not significantly reduce the yield but did 
affect the surface area of the adsorbent. Studies to examine the potential for 
application to solvent vapour recovery showed that the adsorbent displayed 60-70% 
of the commercial carbons adsorption capacity at high concentrations (>3000ppm) 
and that greater capacities occurred for more polar adsorbates. 
Martin et al. [1996] have recently examined the feasibility of producing 
activated carbons from sewage sludges using chemical activation (ZnCl^ and H^SOJ. 
The best adsorbent was produced by H^SO^ activation at 500°C for 1 hour after 
pyrolysis for 1 hour at 250°C. This adsorbent had a BET surface area of 257mVg, a 
well developed microporous structure and a capacity for phenols adsorption from 
aqueous solution. Phenol removal capacities were quoted as being five times less than 
those of a commercial carbon (Chemviron F-400), which means that 5g of the 
experimental carbon are required to achieve the same removal as Ig of the 
commercial adsorbent. 
A related study has been conducted on the carbonisation of activated sludge 
from the pulp and paper industry. Although this is not a sewage sludge it is a very 
similar material, being derived from activated sludge treatment of high BOD/COD 
wastewaters. Stetsenko et al. [1990] pyrolysed activated sludges from the pulp and 
paper industry that had been conditioned with approximately 30% mineral 
components (ferric chloride and lime). They investigated the thermal characteristics, 
adsorptive properties and porosity of pyrolysed materials under a variety of 
temperatures (500-900°C) and for several dwell times (30, 60, and 90mins). Their 
results indicate that adequate adsorbents can be produced from these materials with a 
yield of over 60% under optimum conditions of 600°C for periods of 30-60mins. 
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Application of the adsorbents is proposed for waste-water treatment but they do not 
indicate if the preferred use is in municipal or industrial effluent treatment. 
Another interesting pyrolysis process for sewage sludge is the Oil from Sludge 
Process (OFS) or ENERSLUDGE™ process reviewed by CampbeU [1989] and 
Bridle & Skrypski-Mantele [1994]. Unlike the other studies discussed this process 
has proceeded from bench scale to a large pilot plants (1 tonne/day) in both Canada 
and Australia. The process has been tested on a variety of organic sludges; sewage 
pulp & paper, tannery, and wool scouring sludges. Both raw and digested sewage 
sludges have been studied utilising a low temperature (450°C) thermal conversion 
process, in which aliphatic hydrocarbons are produced from the sludge breakdown 
reactions, along with char, reaction water and non-condensable gases. A flow 
diagram of the pilot plant is shown in Figure 1.14. Oil yields are between 10 and 30% 
and char yields 40-70%. The process is designed to optimise oil production and 
minimise char yields, and is most successful for raw sludges as the digestion process 
reduces the volatile content of sludge. The oil is proposed for use either as an 
additive for diesel fuel or a heating fuel, the char being used to fuel the operating 
process. However, in recent publications the possibilities of activating the char have 
been suggested, but no studies have been conducted by the process developers along 
these lines. Use of the oils as vehicle fuels may prove problematical as the emissions 
requirements for diesel are becoming increasingly stringent. Low sulphur content is 
essential and the oils generated from sludge are likely to be too high in sulphur for use 
in diesel [Anon, 1995]. 
Economic evaluations have shown that the process is comparable in cost to 
incineration and thermal drying processes (Table 1.9) [Campbell 1989; 
Skrypski-Mantele et al. 1993; and Bridle & Skrypski-Mantele 1994] Capital costs 
are similar to those of incineration but operating costs are much lower than either 
incineration or thermal drying. However, the potential revenue represented by the hot 
gases produced by incinerators was not included in the considerations. 
Total unit costs are claimed to be lower than either incineration or thermal 
drying [Bridle & Skrypski-Mantele, 1994]. The aim of the process is fundamentally 
one of sludge disposal and thus revenues from the oil do not need to be high for the 
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process to be viable in comparison to incineration. A similar philosophy is applied to 
this study although the aim is to maximise char production rather than oil. 
Table 1.9 Summary of economic evaluations for the oil from sludge process 
(Figures are approximate having been converted from 
SAustralian at 1996 rates) [Bridle & Skrypski-Mantele, 1994] 
Cost ENERSLUDGE™ Thermal Drying Incineration 
Capital Cost (£M) 20 9 24 
Amortised capital (£M) 101 45 121 
Nett Operating Cost (£/tonne) 25 97 88 
Total Unit Cost (£/tonne) 126 142 209 
A study has also been conducted on the fate of heavy metals and 
organochlorine compounds in the oil from sludge process [Bridle et al, 1990] This is 
interesting as it is the only study that has examined potential pollution problems 
associated with pyrolysis of sewage sludges. Mass balances for the reaction products 
revealed that, apart from mercury and arsenic, essentially all the heavy metals are 
retained in the carbon char. Mercury was detected in the off-gases from the process 
at concentrations of 0.012mg/m' which is within limits for New South Wales, 
Australia where the pilot plant is located. The char is combusted as a ftiel in this 
process and the ash from the combustion was subjected to the TCLP leach test. This 
revealed that negligible amounts of metal were leachable and that the ash would be 
considered as non-hazardous. Emissions of organochlorine pollutants such as PCBs 
were minimal in the oil product and not detectable in the char, water or off-gases. It 
has been proposed that the process effectively destroys organochlorine compounds 
present in the sludge via a copper catalysed dehalogenation reaction [Bridle et al., 
1990]. 
The study demonstrates the effectiveness of pyrolysis processes at controlling 
both heavy metal and organic contaminants in sewage sludges. The most 
problematical contaminants were mercury and arsenic which would have to be 
carefully considered in any evaluation of pyrolysis processes. 
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Other workers examining sewage sludge pyrolysis systems have also reported 
minimal metals emissions at temperatures below 600°C [Kisler et al., 1987] In these 
studies Cr, Ni, Cu, Zn and Pb were retained within the char at temperatures up to 
750°C. Cd was not volatilised until 600°C. Only mercury was problematical, being 
completely released even at the lowest temperatures used (350°C). Metals retained in 
the pyrolysis char residues were not leachable due to the buffering capacities of the 
char. 
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Figure 1.14 Schematic diagram of the oil from sludge process [Bridle et al, 
1990] 
Other process emissions have been considered and these are stated to comply 
with the most stringent world-wide regulations [Bridle & Skrypski-Mantele, 1994] 
Compliance with the German emission standards can be achieved using relatively 
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inexpensive wet scrubbing equipment (Table 1.10). This can be achieved as only 50% 
of the sludge sulphur is released as SO .^ NO, emissions are minimised by reaction 
with ammonia present in the reaction water to produce nitrogen and as discussed 
destruction of organochlorine compounds occurs by dehalogenation. 
Table 1.10 Design air emissions for the ENERSLUDGE™ process [Bridle & 
Skrypski-Mantele, 1994] 
Parameter Units ENERSLUDGE™ 
Design Value 
TALuft 
(17.BlmSchV) 
TSP mg/Nm^ <10 10 
NO, mg/Nm' <150 200 
SO, mg/Nm^ <40 50 
H^S mg/Nm^ <5 -
CI mg/Nm' <10 10 
CO mg/Nm^ <50 50 
Cadmium mg/Nm^ <0.01 0.05 
Mercury mg/Nm' <0.01 0.05 
PCDD/F ngTE/Nm' <0.1 0.1 
Other workers have also investigated sludge pyrolysis systems. Lu et al. 
[1995] and Lu [1995] have investigated porosity development in sewage sludge 
pyrolysis chars with and without pre-drying of the sludge. It was found that the BET 
surface areas of the chars increased with temperatures upto 850°C. At 650°C a 
reduction in BET area was observed which is attributed to pore enlargement by 
bubbles forming in the plastic intermediate. Pore drying was found to promote 
micropore development and optimum dwell times were found to be between 
1.5-2hours. 
Konar et al. [1994] evaluated the pyrolysis of toluene extracted lipids from 
sewage sludges. This study gives information concerning the behaviour of one of the 
important components of sludge. Pyrolysis of lipids using an alumina catalyst 
generated low viscosity liquids and small amounts of solids, non-condensible gases, 
water and a char. Char yields were very low (<10%) and the main product was the 
low viscosity oils (>60%) which were found to be mostly alkenes with an overall 
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composition similar to diesel oils but with virtually no nitrogen or sulphur content. 
The product is accordingly suggested as having application as a high quality fuel. 
Pyrolysis without the catalyst had little effect on the lipids, producing a more viscous 
oil. This suggests that the lipids contained within the sludges used in this study, which 
were treated without a catalyst, would not be pyrolysed and result in a more viscous 
oil. This result also suggests a possible drawback to the oil from sludge process, 
which as it is also a direct pyrolysis process is unlikely to produce such high quality 
low viscosity oils. 
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2. RESEARCH OBJECTIVES 
The fundamental aim of this project was to evaluate the possibility of 
converting waste materials into activated carbons and to investigate the benefits of 
reusing waste materials for this purpose. At the outset of the research two main 
advantages were envisaged in producing activated carbons from waste materials; (1) 
disposal problems of the wastes would be alleviated and cost savings made by 
reducing the associated waste disposal or treatment costs; (2) the resultant activated 
carbons would be low cost materials, due to the elimination of feedstock costs. These 
could be beneficially reused to treat other waste streams within the waste producing 
industry or, alternatively, sold as cheap adsorbents to other effluent producers. 
In order to fully evaluate this possibility several research objectives were 
identified; 
• To assess the characteristics of the two wastes to be investigated in terms of 
physical properties, chemical properties, and thermal behaviour. For sewage 
sludge the metals contents were considered to be an important factor as the 
resultant carbons would have to safely retain any metals present in the initial 
sludges. 
• To investigate the optimum pre-treatment procedure for the caustic tar and the 
optimum carbonisation and activation conditions required to produce the most 
effective adsorbents from both caustic tar and sewage sludges. 
• Analysis of the experimental carbons to determine their adsorptive properties 
and to assess the physical and chemical nature of these materials. 
• Investigation of potential wastewater treatment applications for these materials 
and assessment of their suitability for use in aqueous systems where metals 
leaching might take place. 
• To consider the potential benefits of the treatment of these wastes by a 
carbonisation/activation technique in terms of effective waste management 
strategy. 
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3. PRODUCTION AND OPTIMISATION OF THE CAUSTIC 
TAR DERIVED CARBONS 
^ INTRODUCTION 
The first phase of the studies on the caustic tar waste were conducted as part 
of an MSc in Environmental Engineering [Gee, 1991]. This study investigated the 
feasibility of producing activated carbon from an alkaline, aqueous tarry industrial 
waste (caustic tar) that has to be disposed of to hazardous waste landfill sites. The 
inherent disadvantages of producing a solid carbonaceous material from a waste with 
its organic content in a dissolved state were overcome by neutralising the waste liquor 
to pH < 2 in the presence of 20 % Fullers Earth (w/w+wj, filtering and producing a 
solid cake more suitable for thermal treatment. Thermal analysis identified the most 
suitable carbonisation and activation conditions for activated carbon production. 
Carbon samples were produced using a variety of activation procedures, the resultant 
carbons examined and their adsorption potential assessed. 
A summary of the experimental work conducted and the results obtained is 
given in the following sections. Many of the experimental methods are common to 
other experimental work conducted on the caustic tar and sewage sludges and so 
these are described in detail. Further details concerning the results of the caustic tar 
carbonisation feasibility study can be obtained from the original thesis [Gee, 1991]. 
A second phase of work followed, in which the process conditions were 
fijrther optimised and the adsorbents produced studied in greater detail, and this is 
fiilly discussed in Section 3.3. 
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FEASIBILITY OF ACTIVATED CARBON PRODUCTION FROM 
CAUSTIC TAR 
3.2.1 Caustic Tar Characterisation 
Caustic tar is a waste material generated during the production of hydrogen 
peroxide by the anthraquinone process, as described in Section 1.3.1. Caustic tar is a 
dark red/brown coloured liquid composed of a complex mixture of 
ethyl-anthraquinone derivatives dissolved in concentrated sodium hydrojdde. The 
chemical characteristics of the caustic tar are given in Table 3.1. 
Table 3.1 Characteristics of the caustic tar waste 
pH 14.1 
Total Solids (g/kg) 367 
Organic Solids (g/1) 54.6 
Total Carbon (g/1) 88.8 
Anthraquinone Species (g/1) 0-2 
3.2.2 Thermal Analysis 
3.2.2.1 Experimental Methods 
In order to optimise the carbonisation activation conditions to be used in the 
furnace trials the samples were analysed, prior to carbonisation, using Simultaneous 
Thermal Analysis (STA), on a Stanton Redcroft STA 700 Series thermobalance 
(Dept. of Mineral Resources Engineering, Imperial College). This instrument allows 
the simultaneous measurement of the weight loss in a small sample (~10mg) and the 
difference in temperature between the sample and a reference material (calcined 
alumina) as temperature is increased. This information indicates the occurrence of 
degradation reactions of the sample with temperature. It is therefore ideal for 
preliminary analysis of the waste materials to indicate suitable carbonisation and 
activation temperatures. During later studies a new instrument was purchased, but 
comparative studies showed that no significant differences existed between the results 
obtained from different machines. 
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Samples of the tar/waste cake (lOmg) were heated at rates of 5 and 20°C/min 
under an appropriate atmosphere from 30 to 1050°C in quartz micro-crucibles. 
3.2.2.2 Results And Discussion 
Thermogravimetric curves for several activation conditions and for Fullers 
Earth alone are shown in Figure 3.1 COj, Air, FE). This shows the three stage 
decomposition of the samples (summarised in Table 3.2). In the case of the zinc 
chloride and H^SO^ impregnated filter cakes (Figure 3.2 ZnClj, H^SO^, PjOj, FE), the 
first stage is probably associated with the dehydration of the sample at approximately 
ISCC. This may be due to either loss of free water or dehydration promoted by the 
action of the zinc chloride acting as a Lewis acid. 
The second stage is associated with the gradual volatilisation of part of the 
organic material contained within the filter cakes, as this weight loss is not apparent 
for Fullers Earth alone. This stage occurs between 200 and 500°C and may be due to 
the carbonisation of the samples. 
The third stage is more rapid and differs depending on the activant used. It is 
not apparent in Fullers Earth or samples of filter cake without any activant, and is 
therefore attributed to the activation of the sample by the respective activation agents. 
Table 3.2 Degradation reactions observed in the samples (°C) 
Sample Phase 1 Phase 2 Phase 3 Phase 4 
N, 50-100 150-800 800-950 850-950 
CO, 50-80 100-700 750-950 -
H^SO, 50-100 120-250 450-750 -
ZnCl, 50-120 120-450 450-650 -
P2O5 50-100 100-250 300-700 
-
Air 50-100 150-350 350-500 800-950 
Fullers Earth 50-100 150-500 650-720 -
Based on these studies a carbonisation temperature of 375°C and activation 
temperatures of 600=0 for zinc chloride and H,SO„ and 675X for carbon dioxide and 
P2O5, respectively, were chosen as detailed in Table 3.3. 
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Figure 3.1a Weight loss curves for caustic tar/Fullers Earth mixes using 
different physical activation methods 
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Figure 3.1b Differential Thermal Analysis (DTA) curves for caustic tar/Fullers 
Earth mixes using different physical activation methods 
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Figure 3.2a Weight loss curves for caustic tar/Fullers Earth mixes impregnated 
with different chemical activants 
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Figure 3.2b Differential Thermal Analysis (DTA) curves for caustic tar/Fullers 
Earth mixes impregnated with different chemical activants 
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3.2.3 Carbonisation And Activation 
3.2.3.1 Experimental Methods 
Three samples (50g) of the caustic tar/Fullers Earth fiher cake were 
impregnated with the appropriate chemical activant and dried at 55°C. These together 
with three unimpregnated samples were then individually carbonised in a cylindrical 
silica vessel (volume ~31) which was placed in a rotary furnace (Carbolite HTR 
11/150). The design of this furnace allows the vessel to be slowly rotated thus 
ensuring even heating of the waste materials, whilst being heated by stationary heating 
elements surrounding the vessel (Figure 3.3). Carbonisation was conducted at the 
appropriate temperatures, based on the results of the thermal analysis (Table 3.3). 
Other conditions were taken from the literature [Hassler, 1967; Smisek & Cemy, 
1970; Bansal, 1988; Laine et al. 1989; Pollard, 1990]. After cooling the samples were 
removed from the furnace and washed using a washing method developed previously 
[Pollard, 1990]. 
Table 3.3 Experimental conditions used for carbonisation and activation of the 
caustic tar/Fullers Earth filter cake 
IGOl IG02 IG03 IG04 IG05 IG06 
CARBONISATION 
Temperature (°C) 375 325 - 375 375 -
Heating Rate (°C/min) 5 5 - 5 5 -
Dwell Time (min) 120 10 - 120 120 -
Atmosphere N, AIR - N, Na -
Gas Flow Rate (ml/min) 500 500 - 500 500 -
ACTIVATION 
Activant - AIR CO; H^SO, ZnCl, P A 
Activant; Waste Ratio - - - 33.100 50:100 33:100 
Temperature (°C) - 325 675 600 600 675 
Heating Rate (°C/min) - 5 5 5 5 5 
Dwell Time (min) - 30 120 60 60 120 
Atmosphere - AIR CO; N, N. CO; 
Gas Flow Rate (ml/min) - 500 500 500 500 500 
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Figure 3.3 Schematic diagram of the furnace reaction vessel 
The carbon content of the adsorbents, which is an important indicator of their 
likely performance, was assessed by CHN microanalysis (Dept. of Chemistry, Imperial 
College). 
Adsorbents were screened together with Norit SA4, a commercial carbon, for 
aqueous adsorption potential using a batch adsorption technique. lOmmol phenol and 
4-nitrophenol, which have been described as ideal solutes for studying carbon 
adsorption, were used as adsorbates [Giles & Nakhwa, 1962]. All samples were 
tested in triplicate, the mean of the results taken and a blank solution used as a 
control. 
50ml aliquots of adsorbate were added to 0.5g of sample in 125ml screw cap 
bottles and end-over-end rotated for 3hr to establish equilibrium. Residual 
concentrations were determined using UV absorption (Perkin Elmer Lambda Series 3 
UVA^S Spectrophotometer) at 270nm and 317nm for phenol and 4-nitrophenol 
respectively. The analytical detection limit calculated on the basis of three times the 
standard deviation of repeat analyses of blank water [Ramsey, 1994] was found to be 
lmg/1. Precision calculated on duplicate samples [Ramsey, 1994] was better than 5%. 
Full adsorption isotherms were also constructed for samples in these trials 
using a range of adsorbate concentrations (0.5, 1, 2, 5, 8, lOmmol). These were 
modelled using Freundlich and Langmuir equations (Section 1.4.4.3). Calculation of 
model constants gave indications of the adsorbent capacity and affinity for the 
adsorbate. 
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The surface areas and pore size distributions of the samples were analysed 
using an Omnisorp 100® continuous volumetric gas analyser (Dept Chemical 
Engineering, University College, London). 300mg of carbon were weighed into a 
sample holder which was outgassed at 10 ' torr at 250°C for 2 hr, prior to analysis of 
the adsorption and desorption isotherm. Analysis was conducted using Nj at 77°K 
with a gas flow rate of 0.3ml/min and an adsorption cut off point of p/p^ 0.95 [Greg 
and Sing, 1982]. 
Data analysis allows calculation of the BET surface area, t-plot analysis and 
pore size distributions (Section 1.4.4). 
3.2.3.2 Results And Discussion 
Only a brief summary of the main results are given in this thesis and a 
discussion of the main implications and conclusions. The original MSc thesis contains 
a full description of the results of this initial phase of the research [Gee, 1991]. 
The sample with no activation (IGOl) produced an almost non-adsorbing char, 
implying that either a porous structure did not develop or that the pores were blocked 
with volatilisation residues. Of the physically activated samples, only activation by 
COj produced an adsorbent material. Activation by air did not improve the 
adsorption properties of the carbon by removing volatilisation residues, but instead 
caused oxidising conditions which were too severe resulting in excessive bum off. 
All of the chemically activated samples produced adsorbent materials, but the 
zinc chloride activation procedure (Sample IG05) produced the most effective carbon, 
which adsorbed 25% of 4-nitrophenol and 12.5% of phenol from lOmmol solution. 
In comparison to commercial activated carbons this level of adsorption is modest; 
Norit SA4 adsorbed over 95% of both phenol and 4-nitrophenol. This is due partly to 
the large proportion of the experimental carbons which is relatively inert, resulting in 
comparatively low carbon contents and surface areas. 
Relative efficiencies were calculated for the various adsorbents (amount 
adsorbed per unit weight of carbon). This accounts for the level of carbon in the 
samples, and indicates the level of affinity of the carbonaceous portion of the materials 
for the adsorbate [Pollard, 1990]. As such it is a useful indicator of adsorption 
performance of mixed materials such as the clay-carbon adsorbents produced here. 
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Of the adsorbing chars (Samples IG03, IG04, IG05 and IG06) relative efficiencies 
were found to be higher than the commercial carbons for 4-nitrophenol. This implied 
that the carbon contents of the experimental carbons would not have to be increased 
to the same level as the commercial carbons to match their performance. 
Full adsorption isotherms for phenol and 4-nitrophenol were modelled to the 
Freundlich and Langmuir equations, which were used to calculate the model 
constants Kf and Q, (Table 3.4). These give the maximum adsorption capacity of the 
carbon for a particular adsorbate. The data shows the high Kf and values of the 
commercial carbon (Norit SA4). Of the experimental carbons Sample IG05 has the 
highest adsorption capacities, for both phenol and 4-nitrophenol. Interestingly the 
commercial carbon showed high 1/n values in comparison to the chemically activated 
experimental carbons (IG4,5, & 6) for 4-nitrophenol adsorption, and lower b values. 
Table 3.4 Freundlich and Langmuir Isotherm constants for caustic tar derived 
carbons 
Langmuir Freundlich 
Sample Qo b R' Kf 1/n 
R2 
(mmol/g) (1/g) (mmol/g) (1/g) 
IG03 0.06 0.16 0 99 0.01 0.64 0.95 
IG04 0.07 0.38 0.99 0.02 0.52 0.98 
IG05 0.11 1.25 0.98 0.05 0.41 0.97 
IG06 0.04 1.07 0.93 0.02 0.40 0.99 
Norit 1.68 5.62 0.96 1.35 0.34 0.99 
b) 4-nitrophenol 
Langmuir Freundlich 
Sample Qo b R' Kf 1/n R' 
(mmol/g) (1/g) (mmol/g) (1/g) 
IG03 0.08 0.98 0.98 0.04 0.46 0.97 
IG04 0.08 1.15 0.99 0.04 0.33 0.98 
IG05 0.21 1.78 0.99 0.13 0.24 0.98 
IG06 0.05 0.88 0.98 0.03 0.28 0.92 
Norit 1.11 0.74 0.99 1.28 0.43 0.98 
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These results suggest that the performance of Norit SA4 may not be as 
eflBcient at low concentrations, and that its affinity for 4-nitrophenol is less than the 
experimental carbons. This supports the results of the relative efficiency data which 
also suggested an increased affinity of the experimental carbons in comparison to 
Norit SA4. 
Only the three most promising carbons (IG05, IG04, and IG03) were analysed 
using the continuous volumetric gas adsorption technique. BET surface areas 
obtained by this technique are shown in Table 3.5. St is the total BET surface area, 
Se is the surface area due to meso and macropores, calculated using t-plot analysis 
and Si is the internal surface area attributable to microporosity (calculated by 
subtracting Se from St). Sample IG05 clearly had the largest total surface area, which 
is responsible for its enhanced performance. All the samples and in particular IG05 
possessed a significant contribution from internal surface area pointing to an extensive 
microporous structure. This data was supported by Horvath and Kawazoe pore size 
distribution plots which show a micropore distribution centred around 0.6nm, similar 
to that possessed by microporous commercial carbons such as Norit SA4. 
Table 3.5 Surface area analysis of the caustic tar derived carbons 
Sample IG03 IG04 IG05 
St (mVg) 60.9 155.1 182.3 
Se (mVg) 27.1 83.1 81.1 
Si (mVg) 33.8 72 101.2 
Vt (cmVg) 0.12 0.21 0.21 
Ve (cmVg) 0.10 0.19 0.18 
Vi (cmVg) 0.01 0.03 0.04 
BET C value 306.8 284.4 404 
St Total BET surfece area 
Se External surface area (macro- and mesopores) 
Si Internal surface area (micropores) 
Vt Total pore volume 
Ve External pore volume (macro- and mesopores) 
Vi Internal pore volume (micropores) 
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It is this microporous carbon that is believed to be responsible for the 
adsorption of phenols from solution as Fullers Earth has been demonstrated to be 
non-adsorbing for phenols. Gas adsorption studies of Fullers Earth alone has shown 
that it accounted for approximately 50% of the surface areas of the experimental 
carbons. In contrast, the carbonaceous portion of the experimental carbons 
accounted for only 10% of the material by weight but for up to 50% of the adsorptive 
surface area. Thus if the amount of carbon in the sample was increased, the surface 
area and adsorptive properties could be improved. The results of a programme to 
optimise the process conditions are discussed in the following section. 
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^ OPTIMISATION OF THE CAUSTIC TAR DERIVED CARBONS 
3.3.1 Introduction 
A second phase of research, following on from the MSc studies, was 
conducted on the caustic tar once the feasibility of producing activated carbons from 
this material had been established. The objectives of this further research were: (1) to 
improve the sample preparation procedure in order to increase the carbon content of 
the waste feedstock and hence improve the adsorption properties of the resultant 
carbons; (2) to investigate the adsorptive properties of the activated carbons produced 
by this method and examine potential applications in wastewater treatment. 
A flow chart of the experimental process was constructed (Figure 3.4) and 
three variables identified in the waste preparation procedure which might be 
improved: 
• The pH to which the caustic tar/Fullers Earth mix was neutralised 
• caustic tar: Fullers Earth ratio 
• The type of earth used. 
Experiments were conducted to examine the effect of changing these 
parameters on the performance of the resultant carbons. The experimental procedures 
and results are discussed in the following sections. 
P r e p a r a t i o n 
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Figure 3.4 Flow chart of the carbonisation/activation procedure 
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3.3.2 Experimental Methods 
3.3.2.1 Optimisation Mixes 
To optimise the pH of the mix, following the first phase of the study, samples 
were prepared with 20g of caustic tar and 30% by weight (w/w+wj of Fullers Earth. 
These were then acidified with 2mol HCl to various pH levels using a pH meter. 
Samples were filtered (Whatman No 1), and dried at 55°C. 
For optimisation of the waste : earth ratio, samples were prepared with 20g of 
caustic tar and mixed wath various amounts of Fullers Earth producing samples with a 
range of Fullers Earth contents (5-35% by weight). These were acidified to the pH 
selected fi"om the pH optimisation study, filtered and dried as described above. 
The above trials were conducted both for Fullers Earth and Fulmont 
Premiere®, an acid activated form of Fullers Earth used widely as an organic 
absorbent. All the resulting, uncarbonised, samples were compared on the basis of 
carbon content, as this was considered to be the key criterion for process 
optimisation. 
3.3.2.2 Carbonisation And Activation 
Based on the results of the CHN analyses, the six most promising mixes were 
carbonised using the ZnCl^ activation procedure developed in the first phase of this 
study (Section 3.2.3.1). 50g of earth was mixed with the appropriate amount of 
caustic tar, mixed with 50% by weight (w/w+wj of ZnCl^ and dried at 55°C. 
Carbonisation was conducted in the rotary fijrnace at 375^C for 2 hr followed by 
activation at 600°C for Ihr. Heating rates were set to 5°C/min and all fijmace runs 
were conducted in a continuous flow of nitrogen (500ml/min). 
After cooling the samples were removed fi'om the furnace and washed. The 
samples produced were given names describing the type of earth used i.e. AAE for 
acid activated earth and FE for Fullers Earth, and a numeral indicating the percentage 
of the earth included in the mix. Thus AAE 10 refers to an Acid Activated Earth 
carbon produced using 10% by weight of earth in the feedstock mixture. 
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3.3.2.3 Characterisation 
The carbons produced in the optimisation study were all characterised to allow 
comparison of the different preparation procedures. The same characterisation 
methods were used as in the first phase, namely CHN microanalysis, batch aqueous 
phase phenols adsorption, phenols adsorption isotherms and continuous volumetric 
gas analysis (Section 3.2.3.1). 
3.3.3 Results And Discussion 
3.3.3.1 Ph Optimisation 
The carbon contents of the various mixes showed an overall small increase in 
the percentage of carbon remaining in the samples as the pH was reduced (Figure 
3.5). This trend is displayed by both the Fullers Earth and Acid Activated Earth 
mixes, although in general the Fullers Earth mixes contained slightly more carbon. 
These results therefore indicate that on reducing the pH of the mix more of the tar 
becomes available for adsorption, and that Fullers Earth is moderately more 
adsorptive. Thus for optimisation of the waste : earth ratio a pH of < 2 was utilised. 
Adoption of this method for large scale treatment would however produce a problem 
for the process in terms of generating an acidic residue with residual organic content 
which would require treatment prior to sewer discharge. It is possible that this 
residue could be recycled to acidify the incoming caustic tar, but there would still be 
significant quantities of spent residue produced. An alternative would be to seek a 
user for this waste through a waste exchange service. 
3.3.3.2 Optimisation Of The Waste : Earth Ratio 
Figure 3.6 shows the percentage of carbon retained by mixes with different 
percentages of Fullers Earth or Acid Activated Earth. Clearly the carbon content 
increased as less earth was used in the mix. This indicates that addition of excess 
earth does not enhance the adsorption of tar from the mixtures but dilutes the final 
filter cake. However, using very low percentage mixes (<10%) caused tar to float to 
the surface and stick to the mixing vessel, causing handling difficulties. This could 
also result in a heterogeneous mixture which could affect the carbon structure. 
90 
Figure 3.5 Effect of pH on the carbon content of different Fullers Earth and 
Acid Activated Earth mixes 
Percentage Earth Added (%) 
Figure 3.6 Effect of % earth on the carbon content of different Fullers Earth 
and Acid Activated Earth mixes 
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3.3.3.3 Characterisation 
The six most promising mixes were carbonised and activated using zinc 
chloride as described in Section 3.2.3.1. These were all tested for phenols adsorption, 
volumetric gas adsorption and carbon contents. The results of the aqueous 
adsorption studies are summarised in Table 3.6, together with the carbon contents and 
relative efficiency (Section 3.2.3.2). 
Yields of the carbons are similar, varying between 37 and 48%. No major 
differences were identified between the two types of earth used, given the inherent 
variation in yield observed. 
Table 3 6 Batch phenols adsorption of optimisation mixes from lOmmol 
aqueous solution at STP 
a) Phenol 
Sample %Adsorbed % Carbon Relative 
Efficiency 
AAEIO 28.4 24.2 1.2 
FE 10 27.9 25.3 1.1 
AAE15 15.4 17.5 0.9 
FE 15 18.2 20.7 0.9 
AAE20 17.5 12.1 1.5 
FE20 14.7 17.2 0.9 
IG05 12.5 7.8 1.6 
Norit 96 86 9 1.1 
nitrophenol 
Sample %Adsorbed % Carbon Relative 
Efficiency 
AAEIO 36.3 24 1.5 
FE 10 33 25.3 1.3 
AAE15 31.5 17.5 1.8 
FE 15 25.9 20.7 1.3 
AAE20 23.1 12.1 1.9 
FE20 19.6 17.2 1.1 
IG05 25 7.8 3.2 
Norit 95.6 86 9 1.1 
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Mixes with the lowest percentage of earth (FEIO & AAEIO) adsorbed the 
most phenol and 4-nitrophenol. This corresponds with their higher carbon contents as 
would be expected if the carbonaceous portion of the samples was responsible for 
adsorption and not the clay. The adsorption of all the samples is greater than IG05 
from the first phase of the work and some of the samples doubled their adsorption of 
phenol. 
The relative eflBciencies of the carbons are similar indicating that their affinity 
for the adsorbates is roughly equivalent. However, the relative efficiencies of the 
Acid Activated Earth carbons were consistently higher than the Fullers Earth carbons. 
As the relative efficiency compares the adsorption by weight of carbon in the material 
this indicates that an increased amount of adsorption occurred on the available carbon 
surfaces of the Acid Activated Earth materials. Hence differences in adsorption 
between samples produced from the same earth are probably attributable to surface 
area and porosity differences in the carbon formed within the sample. Differences 
between the performance of samples produced from the two types of earth are more 
likely to be due to differences in porosity of the earths which affect the ability of 
adsorbate molecules to be transported to the adsorption sites on the carbon surface. 
Figures 3.7-3.10 give phenol and 4-nitrophenol adsorption isotherms for the 
Fullers Earth and Acid Activated earth mixes. These show the greater adsorption 
displayed by the lower percentage mixes and the generally improved performance 
over IG05. The adsorption isotherms of both phenol and 4-nitrophenol are broadly 
similar for the two clay types, being of Type-L3 [Giles et al, 1960]. Type-L3 
isotherms are indicative of flat adsorption of the adsorbate molecules to the surface 
and the build up of further adsorbed layers resulting in an isotherm without an obvious 
plateau. The Acid Activated Mixes, however, show slightly enhanced adsorption over 
the respective Fullers Earth mixes. 
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Figure 3.8 Phenol adsorption isotherms for Acid Activated Earth mixes 
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Figure 3.9 4-nitrophenol adsorption isotherms for Fullers Earth mixes 
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Figure 3.10 4-nitrophenol adsorption isotherms for Acid Activated Earth mixes 
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The enhanced adsorption of the AAE mixes is also reflected in the adsorption 
co-efficients produced by applying the Langmuir and Freundlich models to the data 
(Table 3.7). Both models fit the data well, as indicated by the high values, 
although the Freundlich model is favoured. The values of adsorption capacity 
produced by the two models differ, although the same adsorption patterns are 
identified e.g. adsorbents with a high adsorption capacity as indicated by the 
Langmuir model also have relatively high Freundlich adsorption capacities etc. 
Table 3.7 Freundlich and Langmuir adsorption coefficients 
a) phenol 
Sample Qo 
(mmol/g) 
Langmuir 
b 
(1/g) 
R' Kf 
(mmol/g) 
Freundlich 
1/n 
(1/g) 
R' 
AAEIO 0.14 13.83 0.94 0.23 0.33 0.99 
FE 10 0.13 11.24 0.95 0.11 0.29 0.99 
AAE15 0.11 5.70 0.95 0.13 0.35 0.99 
FE 15 0.10 6.15 0 99 0.09 0.36 0.99 
AAE20 0.08 3.00 0.95 0.06 0.39 0.98 
FE20 0.08 3.24 0.96 0.06 0.37 0.98 
Norit 1.68 5.62 0.96 1.35 0.34 0.99 
b) 4-nitrophenol 
Sample Qo 
(mmol/g) 
Langmuir 
b 
(1/g) 
R' Kf 
(mmol/g) 
Freundlich 
1/n 
(1/g) 
R' 
AAEIO 0.47 2.89 0.98 0.27 0.35 0.95 
FE 10 0.40 1.55 0.93 0.19 0.30 0.99 
AAE15 0.41 1.91 0.96 0.20 0.33 0.97 
FE 15 0.26 1.78 0.84 0.17 0.29 0.98 
AAE20 0.30 1.96 0.98 0.16 0.33 0.99 
FE20 0.26 1.70 0.98 0.14 0.33 0.99 
Norit 1.11 0.74 0.99 1.28 0.43 0.95 
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The Acid Activated Earth mixes all possess higher and Kf values than their 
Fullers Earth counterparts indicating their enhanced adsorption capacities and larger 
surface areas upon which adsorption can occur, although these are considerably lower 
than those of Norit SA4. 
The value of the b and 1/n constants are related to the enthalpy of adsorption 
and hence to the affinity of the adsorbents for the adsorbate. The b values for 
4-nitrophenol are always lower than the respective values for phenol, suggesting that 
the carbons have a greater affinity for phenol. The 1/n values, however, are generally 
lower, suggesting that the affinity for 4-nitrophenol is stronger. As the fit of the 
Freundlich model is better the 1/n values should be more reliable. This would imply 
that the carbons have a greater affinity for 4-nitrophenol, which is in agreement with 
the results of the first phase of study (Section 3.2.3.2). 
The values for b and 1/n also suggest a greater affinity of the best two 
experimental carbons (AAEIO & FEIO) for the two pollutants, than that of Norit 
SA4, which implies that they have different surface chemistries. These considerations 
are discussed further in Section 5.5 and compared to other aqueous pollutants of 
concern. 
Figures 3.11 & 3.12 show the adsorption and desorption isotherms of Acid 
Activated and Fullers Earth based carbons for gas obtained using the continuous 
volumetric gas adsorption technique. The shapes of these isotherms are typical of the 
Acid Activated and Fullers Earth mixes in general. All the samples displayed Type-IV 
adsorption isotherms and Type-H3 hysteresis loops, as defined by Gregg and Sing 
[1982], which implies the presence of slit-shaped pores and plate-like particles. 
Isotherms of this type are typical of mesoporous materials with varying degrees of 
microporosity. 
Such shapes are also displayed by montmorillonite based clays [Aylmore, 
1974; Barrer, 1989; Pollard, 1990] and Figures 3.11 & 3.12 also display the 
adsorption and desorption isotherms for Fullers Earth and Acid Activated Earth. The 
hysteresis loop is larger for the Acid Activated Earth indicating the increased 
mesoporosity developed by the acid activation process. This is also reflected in pore 
size distribution plots. Figures 3.13 & 3.14 show the mesopore range for the two 
earths, and clearly the acid activated earth has a much narrower range of smaller 
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diameter pores with a much larger total volume. Additionally a small amount of 
microporosity is generated in the acid activation process and this produces a bi-modal 
microporous distribution (Figure 3.15) which is quite different from Fullers Earth 
(Figure 3.16) and also from typical activated carbons which generally have 
micropores distributed around 0.6nm. 
All the clay-carbon adsorbents produced in this study show modified 
hysteresis loops and greater adsorption than the clays, indicating the development of a 
microporous char and disruption of the mesoporous clay structure. Microporous 
development is also indicated by the relatively high C values of the carbons [Greg & 
Sing, 1982]. However the importance of the original porous clay structure is 
indicated by examining the adsorption desorption isotherms and pore size distribution 
data for the clays and clay-carbon adsorbents (Figures 3.11 - 3.16). Acid Activated 
Earth carbons possess larger hysteresis loops than the Fullers Earth carbons, 
suggesting that they possess more mesopores (Figures 3.11 & 3.12). This is also 
indicated by pore size distribution data (Figures 3.13 & 3.14). The Acid Activated 
Earth derived carbon has more mesopores in the 2-6nm range, but does not have such 
a broad distribution over the larger pore sizes. Differences in mesoporosity will not 
directly effect adsorption, but will significantly affect the transport of adsorbate within 
the adsorbent. These differences in the behaviour of the carbon adsorbents are 
attributed to the porosity differences between Acid Activated and unrefined Fullers 
Earth and which have been passed on to the clay carbon adsorbents. 
Examination of the micropore size distributions of the clays and the clay 
carbon adsorbents (HK plots) show the modification to the original clay structure 
produced by the development of microporous carbon (Figures 3.15 & 3.16). As 
previously discussed the clays have a bi-modal micropore distribution. This has been 
lost upon activation and the amount of microporosity has increased. It is likely that 
this is due to partial collapse or infilling of the larger clay micropores and the 
development of additional microporosity by carbon formation. 
Table 3.8 summarises the surface areas obtained by BET and t-plot analysis 
(Section 1.4.4). It is clear that the Acid Activated Earth mixes all have larger external 
surface areas (Se), with a higher percentage of the total surface area being attributable 
to mesopores, suggesting the presence of more extensive mesoporosity. This is in 
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agreement with the evidence provided by the larger hysteresis loops and pore size 
distribution data. However, the total surface areas and the microporous surface area 
(Si) for the Acid Activated Earth mixes are not all larger than the corresponding 
Fullers Earth Mixes. This is surprising, since the Acid Activated Earth mixes all 
showed greater phenols adsorption and relative efficiencies, which are dependent on a 
large area being available for adsorption. This therefore suggests that transport to the 
adsorptive sites and not just the number of sites themselves is an important factor in 
the adsorption properties of these materials. The larger number of mesopores 
possessed by the Acid Activated Earth mixes could be enhancing transport of 
adsorbate to the adsorptive surfaces, hence improving performance over the Fullers 
Earth mixes. 
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Table 3.8 Surface Area Analysis for Acid Activated and Fullers Earth Carbons 
Sample St 
(m^/g) 
Se 
(mVg) % o f S t 
Si 
(m'/g) % of St 
C 
Value 
AAEIO 226.3 143.1 63.2 83.2 36.8 354.6 
FE 10 166.4 87.1 52.3 79.3 47.7 377.2 
AAE 15 178.5 118.9 66.6 59.6 33.4 336.4 
FE 15 181.4 90.7 50 90.7 50 411.5 
AAE 20 159.3 113 70.9 46.3 29.1 328.6 
F E 2 0 181.5 91.9 50.6 89.6 49.4 406.9 
AAE Raw 245 235 95.9 10 4.1 154 
FERaw 106 91 85.8 15 14.2 193 
Norit 777,8 223.6 28.7 554.2 71.3 1865.4 
St Total BET surface area 
Se External surface area (macro- and mesopores) 
Si Internal surface area (micropores) 
These observations support the structural model for such clay-carbon 
adsorbents proposed by Pollard et al. [1991]. Montmorillonite clays are formed from 
stacked sheets or lamellae rather like a deck of cards. It is suggested that the 
adsorptive, microporous carbon is situated within the lamellae of the montmorillonite 
clay. Thus access to the carbon is restricted by the openness of the mesoporous clay 
lamellae. 
The AAE mixes are more prone to loss of mesoporosity on heat treatment and 
activation than the FE mixes which largely retained their initial mesoporosity. 
Mesoporosity in the AAE mixes was greatly reduced (although it remained greater 
than the FE based adsorbents) during adsorbent production and was largely replaced 
by an increase in microporosity. The FE mixes did not lose mesoporosity and gained 
additional microporosity on mixing with caustic tar and activation. This suggests that 
the formation of the interlamellar char does not restrict mesoporosity but that layer 
collapse in the AAE can decrease available mesoporosity. 
It is also interesting to compare the experimental carbons with the commercial 
carbon (Norit SA4). Norit is an extremely microporous carbon, with a large surface 
area 90% of which is due to micropores. Its microporous nature is indicated by the 
very high BET C value. This high value (i.e. >500mVg) also indicates that the BET 
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surface areas calculated may not be reliable, since for the BET equation to fit the 
model assumptions best, C values should lie between approximately 50-150mVg 
[Greg & Sing, 1982]. It showed much improved adsorption of phenols over the 
experimental carbons which is explained by its larger surface area, particularly the 
much larger microporous surface area. Although the performance of the experimental 
materials is inferior to commercial caitons there is still significant adsorption capacity 
and the potential to apply these materials to waste management situations where 
commercial carbons would be too expensive. Application of the caustic tar derived 
carbons is discussed fiirther in Section 5. 
104 
3A SUMMARY 
• The production of activated carbon from a tarry liquid industrial waste has 
been demonstrated as being feasible. The inherent disadvantages of producing 
a solid carbonaceous material from a highly alkaline aqueous waste were 
overcome by acidifying the waste liquor to pH < 2 in the presence of Fullers 
Earth or Acid Activated Earth. This produced a solid cake more suitable for 
thermal treatment. 
• Optimisation of the acidification procedure has produced carbons with surface 
areas of up to 225mVg, which can adsorb 28% of phenol and 35% of 
4-nitrophenol from lOmmol aqueous solution. 
• The use of Acid Activated Earth produced moderately improved adsorption 
performance compared with comparative Fullers Earth mixes. It is suggested 
that this is due to the increased number of mesopores in the Acid Activated 
materials, which improve transport to the adsorptive sites, rather than 
significant differences in microporous surface area. 
• Consideration of the adsorption properties in the aqueous and gaseous phases 
indicate that these are due to the formation of a microporous carbon, located 
within the sheet structure of the montmorillonite clay matrix. 
• Whilst the carbons produced in this study do not match the quality of 
commercial carbons, they are produced from a difficult waste material and 
display sufficient adsorption capacity for them to be of potential benefit in 
industrial wastewater treatment. Production of a carbonaceous adsorbent 
eliminates disposal problems and the disposal costs associated with the waste 
material, at the same time producing a material which may be valuable to 
industry as a low cost wastewater treatment alternative. 
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4. PRODUCTION AND OPTIMISATION OF SEWAGE 
SLUDGE DERIVED CARBONS 
4.1 SEWAGE SLUDGE SAMPLING AND CHARACTERISATION 
4.L1 Waste Sampling 
In total nine sewage sludges were collected from six waste water treatment 
facilities in different locations within England. All of these samples were composed of 
two sludge types that are mixed at the treatment plants. Primary Sludge is generated 
during primary sedimentation of the sewage influent and as such has not been treated 
by secondary biological processes. The primary sludge is mixed with Secondary 
Sludge, produced by secondary, biological treatment of the sewage effluent, following 
primary sedimentation. The sludges generated by these processes are usually mixed 
to produce Raw Sludge, which at the majority of plants within the UK is processed 
further by Anaerobic Digestion, in order to stabilise the sludge and reduce the level of 
pathogens contained within it. Three of the sludges collected were raw sludges that 
had not been treated by anaerobic digestion. These have been called RRl, RR2 and 
RR3. RRl and RR2 were sludges which had not been dewatered prior to collection 
and RR3 had been dewatered in a filter press. 
The other six sludges were all anaerobically digested and had been dewatered 
either by filter pressing or by centrifuging. Table 4.1 summarises the sludge 
nomenclature, describing the types of sludge collected and what processing they had 
been subjected to prior to sampling. 
Safety was an important consideration in sampling and handling the sewage 
sludges which are potential biological hazards. As part of a College safety 
assessment, an experimental protocol was drawn up detailing the nature of the hazard, 
experimental procedures to be used to minimise the risk of contamination and to deal 
with laboratory waste. A separate section of the laboratory was refurbished for use 
with biological materials and a biological safety cabinet and autoclave purchased. 
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Sludge samples were collected either in 11 autoclavable polypropylene bottles 
(non-dewatered raw sludges), or in autoclavable plastic bags (sludges, which had been 
centrifuged or filtered). Samples were sealed and returned to the laboratory where 
they were stored at a temperature of <4°C. For reasons of safety the sludges were 
sterilised by autoclaving in a bench-top autoclave (Portaclave, Midas 32), at 134°C 
with a fi"eesteam time of lOmin and a sterilisation time of 15min. Samples were then 
oven dried at 105°C for several days until weight loss ceased and finally ground or 
shredded, depending on the nature of the dried sludge, to pass an 8mm sieve. 
Table 4.1 Sludge sample nomenclature, and types of sludge collected 
Sludge Type Dewatering Location 
RRl Raw None Rural 
RR2 Raw None Rural/Industrial 
RR3 Raw Filter Press Rural/Industrial 
RDl Digested Filter Press Rural 
RD2 Digested Filter Press Rural/Industrial 
m i Digested Centrifuge Industrial 
ID2 Digested Centrifuge Industrial 
IDS Digested Centrifuge Industrial 
ID4 Digested Centrifuge Industrial 
4.1.2 CHN Microanalysis 
Analyses of the carbon contents of the different sludges was conducted by 
CHN microanalysis (Dept. of Chemistry, Imperial College). The results are contained 
in Table 4.2. It is clear that the raw sludges have slightly higher carbon contents than 
the digested sludges, even when comparing sludges which originate from the same 
plant. The sludges of industrial origin have the lowest carbon contents. This is likely 
to be due to a lower input from domestic sewage and a higher input from industrial 
sources and from road runoff Hydrogen content tends to follow the same pattern as 
for carbon but nitrogen contents were broadly similar with no apparent pattern being 
observed. The higher levels of carbon in the raw and rural sludges suggested that 
these might be more suitable for production of activated carbon. However, the 
107 
majority of sludge in the UK is digested and sludge with a large industrial component 
is more diflBcult to dispose of, so it was important that these wastes were included in 
the study. 
Table 4.2 CHN contents of the sampled sludges (% weight) 
Sludge % Carbon % Hydrogen % Nitrogen 
RRl 41.8 6.2 3.6 
RR2 41.9 6 3.6 
RR3 42.5 4.9 2.6 
RDl 39.4 5.8 3 
RD2 33.7 4.9 4.3 
m i 29.9 4.3 3.3 
ID2 35.9 4 3.6 
IDS 26.6 3.5 2.3 
ID4 28.5 3.5 3 
4.1.3 Ash Content 
The ash contents of the sewage sludges were analysed using the method 
described by Hesse [1971], with ashing of approximately 5g of each sludge in a muffle 
furnace at 450°C overnight in ceramic crucibles. The crucibles were removed and 
placed in a desiccator to cool before being weighed. The weight of the residue was 
taken to be the non-combustible ash content of the sludge, which was calculated as a 
percentage of the original weight of sludge used. Table 4.3 shows the ash contents of 
the nine different sludges. 
As would be expected the ash contents of the rural sludges were much lower 
than the industrial sludges, indicating that a much larger proportion is composed of 
combustible organic material that is suitable for carbonisation and conversion into 
activated carbon. However, a large proportion of the industrial sludges was found to 
be combustible and these were also expected to be capable of producing active 
carbons. These results agree with those derived from the Oil from Sludge process, 
which although utilising different pyrolysis conditions is similar to the current work in 
many respects. Campbell [1989] in his review of the Oil from Sludge process 
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emphasises the increased oil yield obtained from raw sludges and their greater 
suitability for conversion to oil. 
Table 4.3 Ash contents of the sampled sludges (% weight) 
Sludge % Loss On Ignition % Ash % Residue by TGA 
RRl 78.6 21.4 21.7 
RR2 77 23 25.9 
RR3 80.8 19.2 17.9 
RDl 74.5 25.5 32.4 
RD2 63.2 36.8 33.6 
IDl 55.2 44.8 43 
ID2 61.1 38.9 37.2 
ID3 46 54 53.7 
ID4 51 49 45.8 
The percentage ash figures can also be compared with the percentage residues, 
also shown in Table 4.3, obtained following thermal analysis as discussed in Section 
4.2.1. These figures were obtained following heating in air up to 900°C and therefore 
represent much more severe oxidation conditions than those used in the muffle 
furnace. However, very similar results were obtained by this method, with the rural 
and raw sludges displaying much lower ash contents than the industrial sludges. 
4.1.4 Metals Content 
4.1.4.1 Introduction 
A major concern with the production of activated carbon from sewage sludge 
is the possible release of contaminants which might occur during the reuse of the 
sludge derived carbon. The heavy metals content of sewage sludges often prevents 
disposal of sludge on agricultural land as discussed in Section 1.2.2. It is also likely 
that the most attractive sludges for activated carbon production would be these 
contaminated sludges for which there is no existing reuse option available. It was 
therefore considered important that the metals content of the sludges was determined 
to allow a calculation of the extent to which the activated carbon production process 
safely binds up these metals within the carbon structure. 
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4.1.4.2 Experimental Methods 
Sludge metals contents were determined by nitric acid/hydrogen peroxide 
digestion and Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES). This is an extremely powerful analytical technique for inorganic materials 
that allows low level determination of many elements simultaneously thereby reducing 
errors from separate sample preparation. A full description of ICP-AES 
mstrumentation and methodology is given in Thompson & Walsh [1989], The 
ICP-AES protocol used allows the simultaneous determination of up to thirty 
elements, and for this work a standard metal set was chosen which contained all the 
metal elements commonly found in sewage sludge and those which are legislated for 
under EU Directive 86/278/EEC. 
Prior to ICP-AES analysis the metals contained in the sludge were rendered 
soluble by acid digestion. The United States Environmental Protection Agency (US 
EPA) method for digestion of sludges and soils was adapted for this purpose (Method 
No 3050). A reference material produced by the European Community (BCR No 146 
- Sewage Sludge of Mainly Industrial Origin) was used to establish analytical 
accuracy. 
In each digestion run two or three sludges were digested. Six samples of each 
sludge were digested together with a reference material, a spiked sludge sample 
(5mg/l Cr, Mn, Co, Ni, Cu, Zn, Cd, Pb), a spiked blank and a reagent blank. 
l-2g of dry sludge, or 4-5g of wet sludge was weighed into a tall 125ml 
beaker and mixed with 10ml of 50% HNO3. The mixture was covered with a watch 
glass and heated using a ceramic hotplate to ~95°C and refluxed for ~15min. 5ml of 
cone. HNO3 was added with refluxing for 30min and this step repeated to ensure 
complete oxidation. The solution was then allowed to evaporate to 5ml without 
boiling. 2m] of distilled water and 3ml of 30% were then added with gentle 
heating. Once effervescence subsided a further seven 1ml aliquots of H^O^ were 
added. 5ml of conc. HCl and 10ml distilled water were then added and the solution 
refluxed for a final 15min. After cooling the samples were filtered using Whatman No 
41 filter paper and made up to 100ml. 
A portion of each sample (~10ml) was transferred into disposable test tubes 
and analysed by ICP-AES (Dept of Geology, Imperial College). The detection limits 
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of this instrument vary according to the element in question but the lower limits for 
the main species of interest are shown in Table 4.4, along with limits calculated from 
reagent blanks (3 times standard deviation of blank analyses). Upper limits are not 
shown, but in general these were lOOpg/ml. Dilutions were performed when 
required, using an automatic dilution system on individual samples above the upper 
detection limit. 
Table 4.4 ICP-AES lower detection limits (pg/ml or ppm) 
Element Lower Limit Limit Calculated 
from Blanks 
Cd 0.005 -
Pb 0.03 -
Zn 0.001 0.05 
Cu 0.001 0.02 
Ni 0.001 -
Cr 0.01 -
Analytical Precision and Bias: the bias (accuracy) of the analytical method was 
calculated based on spike recoveries and the analysis of a certified reference material 
(BCR No 146 - Sewage Sludge of Mainly Industrial Origin). Spike recoveries of 
5ppm spikes and the bias calculations for the BCR reference are given in Table 4.5. 
For elements other than Co bias is less than 10% which is acceptable for these difficult 
materials. For the BCR reference material bias was usually negative indicating some 
loss of material on digestion and analysis. Values for the sampled sewage sludges are 
therefore likely to be slight underestimates. 
95% confidence intervals determined from the repeat analyses conducted for 
each sludge (6 duplicates) are used as an indication of the precision (repeatability) of 
the analytical method. Table 4.6 contains the metals contents of the sludges and the 
95% confidence intervals. Clearly for some of the analyses there is a considerable 
variation and 95% confidence intervals are wide, limiting the certainty with which the 
data can be usefully compared. 
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Table 4.5 Spike recoveries and bias calculations using BCR No 146. 
Cr Co Ni Cu Zn Cd Pb 
Spike (ppm) 5 5 5 5 5 5 5 
Mean Analysis (ppm) 4.9 4.8 5 4.9 4.9 4.9 4.83 
Blank Analysis (ppm) nd nd 0.02 0.01 0.03 nd 0.2 
% Recovery 98.8 96.27 99.77 98.3 97.74 98.32 92.58 
BCR Certified Value 588 11.8 280 934 4059 77.7 1270 
Mean Analysis 606 9.2 257 922 3805 71.2 1190 
Standard Deviation 14.7 1.7 11.5 33.1 127.4 3.9 43.2 
Bias 18.3* -2.6* -23.2* -11.5 -254.4* -6.6* -80.4* 
% Bias 3.1 22 8 1.2 6 8 6 
Significant at the 5% level by t-test (n=5, p=0.05) 
4.1.4.3 Results And Discussion 
The results from the study of the sludge metals content was difficult to 
interpret due to the considerable heterogeneity of sewage sludges (as indicated by 
wide 95% confidence intervals), a feature commented upon by previous studies in this 
area [Stover et al, 1976; Sterritt & Lester, 1981; CEC, 1983; Lake et al, 1984] 
Table 4.6 displays the selected metals contents of dried sludges and 95% confidence 
intervals. 
One way analysis of variance (ANOVA) was also conducted on the metals 
data in order to assess whether the means presented in Table 4.6 for each sludge are 
statistically different (Significance charts are included in Appendix I). No sludge was 
found to be statistically different for all of the metals, but significant differences were 
found for many of the sludge/metal combinations (particularly for Pb, Zn & Ni), 
indicating that real differences were being identified in many of the analyses. DDI, 
ID4 and RD2 displayed significantly greater amounts of Pb, Zn and Ni than the other 
sludges. IDl, ID2 and RD2 had significantly higher amounts of Cd and Cu than the 
other sludges. Levels of Cr in sludge IDl were significantly higher than all the other 
sludges and levels in JD2 and IDS were significantly lower than the remaining sludges. 
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The metals examined were selected on the basis that the amount of all these 
metals allowed onto agricultural land is limited by the EU Directive 86/278/EEC, 
except for chromium, which was included as it is a common constituent of sewage 
sludge, due to its uses in the metal plating and chrome tanning industries. The highest 
metal levels were found in IDl which is of industrial origin and is currently 
incinerated. The lowest levels of most metals were found in RR2 which is from a 
semi-rural location. In general, lower metal levels were found in the sludges from 
rural areas, as would be expected due to lower industrial inputs to sewer. In most 
cases zinc was the metal found in the highest concentrations, which is typical for 
sewage sludges [Stover, 1976; Sterritt & Lester, 1981] and is reflected in the EU limit 
values which are included in Table 4.6. 
The majority of the sludges fall into the non-hazardous category, but several 
are within the EU guideline limit bands and one sludge (DDI) exceeds the limits for 
nickel. The setting of limit bands rather than single limit values allows member states 
some flexibility in setting their own limit values. Thus some states could have much 
more stringent limits than others and the Netherlands, Belgium and Denmark have set 
even more stringent limits and included other compounds [FWR, 1993]. However, 
the bands act as recommended guidelines and any value falling within a band is 
therefore at a level of some concern. 
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£2 THERMAL CHARACTERISTICS 
4.2.1 Experimental Methods 
Prior to experimental carbonisation/activation trials the thermal behaviour of 
the sewage sludges was analysed by Thermogravimetric Analysis (TGA). The aim of 
these studies was to obtain information regarding the degradation reactions of the 
sludge samples under conditions typical of carbonisation, chemical activation and 
physical activation (gasification). Thermal analysis was conducted using a new 
Simultaneous Thermal Analyser (Polymer Laboratories STA 1500) as described in 
Section 3.2.2.1. All sludges were initially analysed in a flow of nitrogen gas 
(~50ml/min) as the instrument increased the temperature up to 900°C. Heating rates 
of 10, 5 and 2°C/min were investigated, along with carbon dioxide and air 
atmospheres, to examine thermal behaviour under gasification conditions. Chemical 
activants were also mixed with the sludge samples (ZnCl^, H^SO^ or H^POJ and 
heated in either air or nitrogen atmospheres. 
4.2.2 Results And Discussion 
4.2.2.1 Nitrogen Atmosphere 
The analysis of the nine different sludges under increasing temperature 
conditions with a flow of inert nitrogen gas shows several important factors regarding 
the thermal behaviour of sewage sludge. For all sludges there is considerable 
variation between identical runs producing relatively poor reproducibility, particulariy 
at higher temperatures, as shown in Figure 4.1. This behaviour is attributed to 
heterogeneity of the sewage sludge samples, even when ground to <150|im in 
diameter, and is observed for the other analyses discussed in the following sections. 
Similar problems were reported by Urban & Antal [1982], in their studies of sewage 
sludges, which were also attributed to sample heterogeneity. Although this reduced 
the usefulness of the data, valuable information was obtained concerning the nature of 
sludge materials. 
Figure 4.2 displays the thermogravimetric (TG) profiles for sewage sludge 
heated at different heating rates. This demonstrates the very similar behaviour of the 
sludges under different heating rates. There is some tendency for the degradation 
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reactions to start at slightly lower temperatures with a slower heating rate, although 
this is not always seen due to the problems of reproducibility previously discussed. At 
higher heating rates there is likely to be a more pronounced time lag before the sample 
reaches the atmospheric temperature which would account for this observation. No 
other significant differences were seen under different heating rates. This is in 
agreement with the kinetic studies of sewage sludge using TGA, conducted by 
Dumplemann et al. [1991], which showed that heating rates do not significantly effect 
char formation. 
Figure 4.3 compares the thermal behaviour of the different sludges sampled in 
this study. Surprisingly, no major differences were identified in the temperatures at 
which degradation reactions occurred and the number of reactions observed, when 
comparing raw sludges and digested sludges. This implies that although the two 
sludge types have been treated differently and would be expected to have different 
compositions, these appear to be broadly similar. 
However, raw sludges were observed to display a larger weight loss over the 
range of temperature used (Figure 4.3a). Raw sludges have not been anaerobically 
digested and have a lower ash content (Section 4.1.3). They would therefore be 
expected to have a higher content of volatile organic material which would produce a 
greater weight loss. Urban & Antal [1982] also reported similar behaviour of 
digested and non-digested sludges, the major difference being the level of ash in the 
different sludge types. 
Although there were some other minor indications of variation between 
sludges from different plants, this was not consistent between digested and raw 
sludges, and was interpreted as being due to sample heterogeneity or differences in 
the ash content of the sludges rather than to the origin and compositions of the 
sludges. 
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Temperature (°C) 
Figure 4.1a Variation in weight loss for identical sludges 
Temperature (°C) 
Figure 4. lb Variation in DTA profiles for identical sludges 
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Four phases of sludge degradation were identified in all the samples, as shown 
in Figure 4.3 a: 
(1) A slight weight loss at approximately 40-70°C associated with an 
endothermic reaction which was attributed to dehydration of the sample by 
loss of residual moisture, given the low temperatures at which this 
occurred. The extent of this weight loss was very similar between the 
different sludges, and so differences in moisture content could not have 
been responsible for the observed differences between the raw and 
digested sludges discussed previously. 
(2) The main phase of weight loss with a broad exotherm between 200 and 
375°C. Different sludges experienced very different levels of weight loss 
during this phase 
(3) The second phase of significant weight loss, also exothermic, between 
375 and 500°C. These two phases of weight loss (2 & 3) are interpreted 
as representing the rapid degradation of the major carbonaceous 
constituents of the sludges and the volatilisation of organic material. 
Dumplemann et al. [1991] reported two major phases of sludge 
degradation at similar temperatures to the two main phases of weight loss 
observed in this study. Temperatures of between 350 and 500°C were 
therefore investigated in the next phase of the research as potential 
carbonisation temperatures. 
(4) Residual weight loss under exothermic conditions. 
One of the most important practical observations at this stage was the very 
high levels of weight loss associated with the major degradation reactions resulting in 
residues at 500°C of between 40 and 60%. This implied that carbonisation of the 
sludge material under these conditions would lead to relatively low yields of carbon. 
The various stages of weight loss are due to different constituent materials in 
the sewage sludges degrading at progressively higher temperatures. Identification of 
the main sludge constituents giving rise to these reactions would be useful information 
when considering the differences between sludges and the potential suitability of other 
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waste materials for thermal treatment by this technique. Sewage sludge is, however, a 
very complex material being made up of a wide variety of materials as discussed in 
Section 1.3.2. Hence identification of the main constituents by thermal analysis 
proved diflBcult. 
One of the most readily identifiable materials was expected to be cellulosic 
material derived fi-om un-digested paper. This typically forms between 8 and 15% of 
European sewage sludges (Table 1.7, Section 1.3.2). Portions of cellulose (high 
quality filter paper) and toilet paper were analysed in a nitrogen atmosphere (Figure 
4.4). Very sharp reactions were identified occurring between 325°C and 375°C for 
cellulose and between 300°C and 375°C for paper. These are close to the degradation 
temperatures of hemicellulose and cellulose reported by Connor & Salazar [1988] in 
their studies of low temperature wood pyrolysis. Both of these materials displayed 
very pronounced weight loss (80-90%) over a short temperature range and a closely 
associated endothermic reaction. The temperatures over which cellulose and paper 
degrade are similar to the latter stages of the second main degradation observed for 
sewage sludges, although the sludge reaction is much broader and does not display a 
clear endotherm. It is possible that the first part of the second stage weight loss in 
sludges is due to volatilisation of volatile material, a large constituent of sludge 
(Section 1.3.2), and the later stages between 300°C and 375°C due to cellulose 
decomposition. This would suggest that cellulosic materials form between 20 and 
25% of the sludges in this study. However, this is a speculative suggestion and a 
substantial amount of further work is required to better characterise the constituents 
of sewage sludge that most influence its thermal behaviour. 
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4.2.2.2 Carbon Dioxide Gasification 
The sludge degradation reactions were extremely similar in the CO^ 
atmosphere (Figure 4.5), occurring at similar temperatures as for conditions. 
However, the broad exotherm associated with the main reactions (2) and (3) 
(230-370°C; 370-490°C) showed a larger temperature difference (5T) indicating a 
more vigorous reaction under COj, as would be expected given the exothermic nature 
of the reactions between CO^ and carbon (Section 1.4.2). The fact that very similar 
reactions occur under CO; conditions implied that it would be unnecessary to have 
two separate carbonisation and activation phases conducted under and CO; as 
would usually be practised. A single stage activation technique was therefore adopted 
in the carbonisation/activation furnace trials. 
The major difference in the CO; atmosphere was a large additional phase of 
weight loss (5) which was observed at temperatures above 700°C. This was 
interpreted as the onset of activation by the CO; gas, which promotes "bum off of the 
residual tars that form in the pores of the developing carbon structure as described in 
Section 1.4.2. 
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4.2.2.3 Air Gasification 
Under an air atmosphere three main reactions were observed (Figure 4.6): (1) 
a very slight, endothermic weight loss between 40 and 70°C associated with water 
loss; (2) a very large weight loss between 220 and 330°C, associated with a large 
temperature increase; (3) the second main degradation reaction between 330 and 
475°C. This reaction was accompanied by a temperature increase, but the severity of 
the exothermic reaction varied considerably between sludges and did not appear to be 
related to the extent of weight loss. Very similar shaped exotherms are presented in 
the discussion of pyrolysis and combustion of cellulose by Shafizadeh [1968]. This 
supports the likelihood of a large proportion of sewage sludge being composed of 
cellulosic material. 
No pattern was observed in this difference between different sludge types; for 
example, the two raw sludges RRl and RR2 showed a large exothermic DTA peak 
whereas the other raw sludge RR3 did not. Interestingly, RDl, the digested sludge 
from the same plant as RRl did not show the DTA peak, suggesting that the peak 
was not due to peculiarities of the starting sewage material. 
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4.2.2.4 Chemical Activation 
Three common types of chemical activation were studied using TGA; zinc 
chloride, conc. sulphuric acid, and conc. phosphoric acid. ZnClj activation is carried 
out in a Nj atmosphere, conc. phosphoric acid activation is usually conducted in air 
and activation by conc. H^SO^ has been reported in both and air [Laine, 1989; 
Pollard, 1990]. Figure 4.7 shows the comparison of the ZnCl^ and other chemical 
activation techniques and a non-activated sample, in a Nj atmosphere, and Figure 4.8 
shows the comparison of conc. HjSO^ and conc. phosphoric acid activation with an 
air activated sample. 
The effect of ZnClj activation is clearly to reduce the extent of the main phase 
of weight loss (2) that occurred in the non-activated sample, and to extend the 
temperature range over which this reaction occurred (180-475°C). The third phase of 
weight loss (3) occurs between 475 and 600°C, which is the typical temperature used 
for ZnCl; activation [Pollard, 1990]. ZnCl^ activation operates by reducing the extent 
of volatilisation, as seen in the reduction of the main phase of weight loss. It is also 
thought to undergo further reactions with the tarry materials, which also result in an 
improvement in the char properties with respect to the extent of the samples surface 
area and porosity. Many studies have been conducted on the effect of flameproofing 
salts on combustion of cellulose [Shafizadeh, 1968]. These salts primarily promote 
the dehydration and charring of cellulose and lessen the formation of the levoglucosan 
tar, the main product of cellulose decomposition. It is also possible that the fire 
retardants could also affect the secondary decomposition reactions of the 
levoglucosan tar, promoting its charring. The active principle of these materials has 
been suggested as that of Lewis acids, and as ZnClj is a strong Lewis acid it is 
possible that the activation of sewage sludge is similar to the action of flame 
retardants on cellulose. 
H2SO4 addition in a nitrogen atmosphere produces a greatly enhanced, 
endothermic dehydration reaction between 40 and 150°C, followed closely by another 
endothermic reaction between 160 and 230°C (2). The material then undergoes little 
change, experiencing a gradual weight loss associated with a broad exotherm. 
Under a reactive air atmosphere the H^SO^ activated sample undergoes the 
same low temperature reactions (1) and (2) (50-150°C; 150-230°C), as well as a more 
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pronounced exothermic reaction which is complete by about 575°C (3). The rate of 
weight loss is strongly affected in the chemically activated sample, compared to the air 
activated sludge. This suggested that H^SO^ activation would operate best under an 
jur atmosphere, but would reduce the rate of oxidation by air thus promoting carbon 
formation. The phosphoric acid activated sample behaved in a similar manner to the 
H2SO4 activated sludge, although the extent of weight loss in the reactions observed 
was reduced. The first reaction seen in the H^SO^ activated sample (1) was not 
present, but the other reactions seen in the H^SO^ activated sample (2) and (3) were 
observed at slightly different temperatures (160-300°C; 300-500°C) and to a reduced 
degree. This implies that the mechanisms ofH^SO^ and phosphoric acid activation are 
similar when conducted in an air atmosphere. 
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4.2.3 Summary Of Thermal Characteristics 
One of the most important observations concerning the thermal behaviour of 
the sewage sludges studied was their very similar degradation profiles. Raw and 
digested sludges displayed very similar behaviour and this was also true of sludges 
from different plants with differing levels of industrial input to sewer. Raw sludges 
did however contain more volatile material and less ash than the anaerobically 
digested sludges, which would make them more suitable for conversion into activated 
carbon. 
Heating rates did not appear to greatly influence the extent of sludge 
degradation reactions or the temperatures at which they occurred. This is 
advantageous as it allows the use of higher heating rates in the carbonisation process 
and consequently reduces the process time and hence energy consumption. 
The temperature ranges over which these reactions occurred for all the 
different activation techniques are summarised for the different sludges in Table 4.7. 
It is noticeable that these occur at very similar temperatures to the corresponding 
activation techniques used with the caustic tar derived carbons examined in Section 3. 
This implies that the nature of these reactions is largely controlled by the action of the 
activation agent on the organic portion of the waste rather than the nature of the 
waste itself, although this will be an important additional factor. 
Table 4.7 Reaction temperatures for different activation mechanisms 
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 
K 4 0 - 7 0 200 - 375 375 - 500 500 + -
CO; 4 0 - 7 0 230 - 370 370 - 490 490 - 700 700+ 
ZnCl/N; 50-180 180-475 475 - 600 600+ -
HjSOyN, 40-150 160-230 230+ -
H^PO/N, 50-150 150-300 300 - 450 450+ -
Air 4 0 - 7 0 220 - 330 330 -475 - -
ZnCl/Air 50-180 180-300 300 - 500 500-620 
HjSOyAir 50-150 150-230 230- 575 - -
HjPOyAir 50 - 160 160-300 300 - 500 500 - 600 -
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4j3 CARBONISATION / ACTIVATION OF SEWAGE SLUDGE 
4.3.1 Introduction 
The aim of this phase of research was to conduct experiments examining the 
suitability of different carbonisation and activation conditions for producing activated 
carbon, and to examine the performance of the resultant carbons. The choice of 
conditions for these experiments was heavily dependent on the results of the thermal 
analysis. 
The main finding of this thermal analysis was that the sludges fi"om different 
locations, and that have undergone different treatments, all behave in a remarkably 
similar manner, given the general level of variability within an individual sludge 
sample. This implies that although the sludges may have different physical and 
chemical characteristics that are not identifiable by thermal analysis the composition of 
the different sludges must be broadly similar. This finding was the basis of the 
decision to limit the number of individual sludges examined in the carbonisation and 
activation trials. Different sludges were therefore used at different stages of the 
study. This was in part enforced due to lack of adequate sample as sewage sludge 
even when dried tends to deteriorate with time. Collection of new sludge material 
was not considered appropriate given the major changes in sludge characteristics that 
can occur with time at any individual sewage treatment works. Figure 4.9 indicates 
which sludges were used in the various stages of the study. 
An additional aim was to investigate the effect of mixing the sewage sludges 
with pulverised fuel ash (PFA). Addition of PFA was thought to be of potential 
benefit in (i) contributing to greater resistance to attrition of the final carbon during 
handling and use; (ii) preventing loss of volatile material so enhancing the carbon 
content of the experimental adsorbents and (iii) possibly contributing to metal binding. 
4.3.2 Experimental Methods 
4.3.2.1 Carbonisation Conditions 
Carbonisation and activation experiments were conducted in a rotary furnace 
similar to that described in Section 3.2.3.1 and depicted in Figure 3.3. However, a 
new furnace was used (Carbolite HTR 11/75) which was of a smaller design with a 
132 
smaller capacity vessel (~11), so that a large number of small carbon samples could be 
produced for analysis. 
Studies were mainly conducted on three sludges; RDl, RD2 and RR3. A 
variety of activation conditions were examined; (1) carbonisation and activation 
temperatures; (2) carbonisation and activation dwell times; (3) several different 
physical and chemical activants. 
In all cases ~50g of sludge was placed in the furnace and heated at 5°C/min in 
a gas flow (500ml/min). Although the thermal analysis indicated that there was little 
difference in thermal behaviour at different heating rates, a slower rate of 5°C/min was 
chosen as the volume of sample was much greater than that used for thermal analysis 
and even heating was desired. Once the carbonisation/activation run was complete 
and the sample had cooled the carbon sample was washed according to the procedure 
described in Pollard [1990], the final weight of sample recorded and the yield by 
weight of the carbonisation/activation process calculated. 
Section 4 
Thermal Analysis, Metals 
Contents, Ash Contents 
ALL SLUDGES 
Section 4 
Carbonisation / 
Activation Studies 
RD1, RDl, RR3 
Section 4 
PFA Utilisation Studies 
RD1. RR3 
Section 5 
Bulk Carbon Studies 
ID1, ID2, RR3 
Figure 4.9 Flow diagram indicating which sewage sludges were used in the 
different stages of the study 
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4.3.2.2 Carbon Analysis 
All carbon samples were analysed for carbon content, batch phenols 
adsorption and surface area/pore size distribution using the same instruments and 
techniques described in Section 3.2.3.1. The results of these studies were used to 
compare different carbonisation/activation conditions and techniques in order to 
determine the most effective treatment. 
4.3.3 Results And Discussion 
4.3.3.1 Addition Of Pulverised Fuel Ash (PFA) 
PFA did not produce any significant handling improvements to the mixes and 
tended to separate from the carbonised material in the final product, due to the 
difference in density between the PFA and the carbon char produced from the sewage 
sludge. More importantly, if PFA addition were to help modify carbonisation and 
help to reduce volatilisation this should have been reflected in the relative carbon 
contents of sewage sludge and sewage sludge/PFA mixtures. Table 4.8 shows the 
expected carbon contents of different SS:PFA mixes accounting for the 
non-carbonaceous PFA content. This was calculated based on the carbon content of 
the carbonised sludge alone and reducing this in proportion to the percentage of PFA 
added. For these two sludges there is no enhancement of the carbon content and in 
fact carbon contents are generally reduced. 
Table 4.8 Effect of PFA addition on the carbon contents of experimental 
carbons (% carbon) 
Sludge SS:PFA Mix Ratio Expected Carbon 
Content 
Final Carbon 
Content 
RD1/N2/500 45:5 46 36 
40:10 40 28 
30:20 30 20 
15:35 15 23 
RR3/N2/500 20:05 43 32 
15:10 32 24 
12.5:12.5 27 17 
10:15 21 12 
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Similar calculations for BET surface area and phenols adsorption supported 
these results. Figure 4.10 shows the progressive reduction in BET surface area and 
the amount of phenol and 4-nitrophenol adsorbed from lOmM aqueous solutions, as 
increasing percentages of PFA were used in the production of the carbons. Increased 
use of PFA resulted in a 'dilution' of the carbon by non-adsorbing material without any 
offsetting of this dilution by increased carbon retention. As a result of these findings 
PFA use was not further investigated. 
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Figure 4.10 Changes in BET surface area and phenols adsorption with 
carbonisation temperature 
4.3.3.2 Carbonisation Alone (N^ Atmosphere) 
Carbonisation in an inert nitrogen atmosphere was conducted on all the 
sludges used in this phase to give an indication of the nature of the chars formed 
without activation. Henceforth the sludges treated by this method are referred to as 
'carbonised sewage sludges'. 
One of the most important factors to determine was the most suitable 
temperatures to use for carbonisation. Thermogravimetric analysis indicated that 
using no activation, sewage sludge degradation reactions occurred at several stages 
between 200 and 600°C. Figure 4.11 shows the progressive changes in the nitrogen 
adsorption/desorption isotherms with increasing temperature (400-700°C). At low 
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temperatures the volumes adsorbed are low, indicating the lack of any significant 
porosity development. As the temperature increases to 600°C and above the initial 
uptake increases and a more pronounced hysteresis loop develops, indicating the 
formation of micro and mesoporosity in the samples. All the sludge isotherms are of 
Type-IV and have Type-H3/H4 hysteresis loops. 
Figures 4.12 & 4.13 shows the phenols adsorption for carbons produced at 
different temperatures between 250 and 700°C. These figures indicate the maximum 
adsorption of phenol and 4-nitrophenol at a carbonisation temperature of 500°C, the 
carbons removing between 25 and 30% of phenol and 40-50% of 4-nitrophenol fi-om 
lOmmol solution. 
Figure 4.11 Adsorption/desorption isotherms for carbonised sewage sludges 
produced at diflFerent carbonisation temperature 
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Figure 4.12 Phenol adsorption of sewage sludge derived carbons produced at 
different carbonisation temperatures 
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Figure 4.13 4-nitrophenol adsorption of sewage sludge derived carbons 
produced at different carbonisation temperatures 
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However examination of BET surface areas (Figure 4.14) indicates that these 
were highest at 600°C for RR3, RDl and RD2 (surface areas were in excess of 
300mVg for RDl and RD2). This behaviour may be due to differences in the pore 
size distributions on using carbonisation temperatures of 500 and 600°C, perhaps 
influenced by differences in the composition of raw and digested sludges. It is 
possible that at 600°C carbons are produced with a greater proportion of very small 
pores which enhance the surface area but are too small for the phenol and 
4-nitrophenol molecules to penetrate. 
Examination of the pore size distributions (Figures 4.15 & 4.16), as well as 
internal (Si) and external (Se) surface area data for carbons produced at different 
temperatures (Table 4.9) gave little evidence of such porosity differences. The 
external surface area due to mesopores and macropores (Se), micropore surface area 
(Si) and BET surface area (St) are all much higher at 600°C for RR3, RDl and RD2, 
which should produce better adsorption at these temperatures. This is also reflected 
in the Horvath and Kawazoe micropore size distribution plots (Figure 4.15), and the 
meso and macropore size distribution plots (Figure 4.16). RDl and RD2 display 
much more marked microporosity at 600°C than at 500 and 700°C, although 
mesopore and macropore distributions are poor. 
Temperature (°C) 
Figure 4.14 BET surface areas of sewage sludge derived carbons produced 
at different carbonisation temperatures 
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Figure 4.15 Micropore size distributions (HK) distributions for sewage sludge 
derived carbons produced at different carbonisation temperatures 
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Figure 4.16 Mesopore size distributions for sewage sludge derived carbons 
produced at different carbonisation temperatures 
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Table 4.9 BET and t-plot surface areas for sewage sludge derived carbons 
Sample Temperature St 
(m^/g) (mVg) 
Se 
% o f S t (mVg) 
Si 
% of St 
BET 
C Value 
RR3 400 20 19 95 1 5 38 
500 152 69 45.4 83 54.6 67 
600 178 80 44.9 98 55.1 70 
700 92 43 46.7 49 53.3 89 
RDl 400 18 16 88.9 2 11.1 40 
500 109 64 58.7 45 41.3 35 
600 290 93 32.1 197 67.9 311 
700 253 95 37.5 158 62.5 559 
RD2 400 - - - - - -
500 126 57 45.2 69 54.8 94 
600 300 101 33.7 199 66.3 276 
700 288 111 38.5 177 61.5 306 
The temperature of 500°C is the point at which the second main degradation 
reaction is complete in the TGA studies. Below this temperature very little surface 
area is generated, as is clear from Figure 4.14, confirming that this reaction is the one 
in which the carbonaceous sheets are forming and generating porosity. Above this 
temperature some performance indicators were higher but the direct performance 
measure, i.e. aqueous adsorption tests indicated SOCC was the optimum temperature. 
As a result this value was chosen as the optimum carbonisation temperature in further 
studies. 
The effect of carbonisation time, i.e. the dwell time in the furnace, was 
examined for several sludges. Few consistent differences were observed between 60, 
90 and 120 min dwell times for BET surface areas, carbon content, and phenols 
adsorption, as can be seen in Table 4.10, although BET areas were in general higher 
for 90min dwell times. In previous studies [Pollard, 1990] and for the caustic tar 
waste 2hr dwell times have been used. In view of the inconsistent results of the dwell 
time study, particularly for phenols adsorption, and in order to retain continuity, a 2hr 
time period was also selected for further studies. However, reducing the dwell time 
would greatly reduce the costs of generating these materials as energy consumption 
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would be the main operating cost. Future studies should therefore examine the effects 
of reducing dwell times to identify if the same or similar performance is obtainable, as 
has been indicated by this study. 
Table 4.10 Effect of carbonisation time on sewage sludge derived carbons 
RDl/N; RD2/N2 RRS/N; 
BET SA 60min 96 135 102 
90min 150 154 117 
120min 109 121 152 
% Carbon 60min 44 39 53.1 
90min 53 42 53.6 
120min 50.6 41.7 53.7 
Phenol 60min 29.3 23.1 31.3 
90min 30.2 24.1 29 
120min 27.9 22.9 27.9 
4-nitrophenol 60min 47.6 38.3 55.2 
90min 47.2 36.8 38.3 
120min 40.1 33 9 47.5 
4.3.3.3 COj Activation (Gasification) 
CO2 activation was carried out in a single stage process, heating to the 
required temperature in a flow of CO; gas. In many previous studies [e.g. Pollard, 
1990], a two stage process is usual, the feedstock being first carbonised under 
nitrogen and then activated with CO^ at higher temperatures. However, some studies 
have reported more effective activation using the single stage technique 
[Rodriguez-Reinoso, 1986], which is obviously much more straightforward and will 
consume less energy. In the TGA studies CO; reactions at lower temperatures were 
similar to those for N^, indicating the suitability of a single stage technique and this 
method was selected for these investigations. 
Carbons were prepared using single stage CO^ activation at a variety of 
temperatures to establish the optimum activation temperature. Figure 4.17 shows the 
changes in the nitrogen adsorption desorption isotherms between 500 and 900°C. As 
the temperature increases to 700°C and above the initial adsorption becomes much 
141 
higher causing the isotherm to rise steeply at low relative pressures which is indicative 
of the development of microporosity. All the isotherms have marked hysteresis of 
Type-H3/H4 indicating the additional presence of mesoporosity in the samples. 
Figures 4.18 - 4.21 show the BET surface areas, phenols adsorption and 
carbon contents of these carbons. The results of the thermogravimetric analysis 
studies (Section 4.2.2) showed significant weight loss at temperatures exceeding 
700°C which was interpreted as the onset of the CO^ reactions with the carbon 
surface and pore blocking tars which promote pore development and surface 
activation. Figure 4.21 shows the dramatic reduction in carbon content above 700°C 
which supports this interpretation. 
2 0 0 -
Figure 4.17 Adsorption/desorption isotherms for CO^ activated sewage sludge 
carbons produced at diflFerent activation temperatures 
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Figure 4.18 Phenol adsorption of sewage sludge derived carbons produced at 
different CO^ activation temperatures 
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Figure 4.19 4-nitrophenol adsorption of sewage sludge derived carbons 
produced at different COj activation temperatures 
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Figure 4.20 BET surface areas of sewage sludge derived carbons produced at 
different CO^ activation temperatures 
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Figure 4.21 Changes in carbon content of sewage sludge derived carbons 
produced at different CO; activation temperatures. 
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Between 600 and 800°C the phenol and 4-nitrophenol adsorption increased as 
the activation efficiency increased. However, above 800°C the performance 
decreased as a result of too great a level of 'bum off, which reduced the amount of 
carbon in the sample to very low levels. Maximum BET surface areas also occurred 
at 800°C, except for RR3. For RR3, micropore surface areas were also higher at 
700°C as reflected in Table 4.11 and Horvath and Kawazoe plots (Figure 4.22). As 
for the N; studies this data would be expected to indicate better phenols adsorption at 
the lower temperature of 700°C due to increased internal, external and total surface 
areas on which adsorption could take place. However, the surface areas attributable 
to meso and macropores (Se) were lower for the carbon produced at 700°C. Pore 
size distribution plots (Figure 4.23) show the increased amount of mesopores, 
particularly small mesopores between 2 and 8nm (20-80A) for the 800°C carbon. 
This may explain the increased phenols adsorption of the 800°C carbon as adsorbate 
transport to the adsorptive sites would be assisted by the increased extent of 
mesoporosity in the sample. The fact that the increased amount of mesopores are 
mostly small (<5nm) suggests that they may have been created from widening of 
microporous materials during CO; activation at the higher temperature. 
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Figure 4.22 Micropore size distributions (HK) for sewage sludge derived 
carbons produced at different carbonisation temperatures 
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Figure 4.23 Mesopore size distributions for sewage sludge derived carbons 
produced at different carbonisation temperatures 
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Table 4.11 BET and t-plot surface areas for CO; activated sewage sludge 
derived carbons 
Sample Temperature St 
(m'/g) (mVg) 
Se 
% o f S t (m^/g) 
Si 
% o f S t 
BET 
C Value 
RR3 400 13 17 130.8 -4 -30.8 28 
500 213 67 31.5 146 68.5 170 
600 266 71 26.7 195 73.3 300 
700 301 67 22.3 234 77.7 557 
800 208 85 40.9 123 59.1 277 
900 136 52 38.2 84 61.8 251 
RDl 400 43 61 141.9 -18 -41.9 84 
500 75 71 94.7 4 5.3 45 
600 306 80 26.1 226 73.9 339 
700 347 184 53 163 47 501 
800 366 115 31.4 251 68.6 528 
900 284 121 42.6 163 57.4 528 
RD2 400 - - - - - -
500 181 82 45.3 99 54.7 160 
600 276 176 63.8 100 36.2 267 
700 300 183 61 117 39 372 
800 311 132 42.4 179 57.6 823 
900 271 144 53.1 127 46.9 234 
Table 4.12 shows the effect of reducing the activation time on BET surface 
area and adsorption of phenols. The shorter activation period of 60min produced 
carbons with higher surface areas and higher percentage adsorption of both phenol 
and 4-nitrophenol from aqueous solution. It is evident that the longer periods 
resulted in extensive "bum off of the carbons, reducing their adsorptive surface area 
and over widening the pores. 
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Table 4.12 Effect of CO, activation time on sewage sludge derived carbons 
Time RDI/CO2 RD2/CO2 RR3/CO2 
BET SA 60min 347 343 236 
90min 343 327 114 
120min 284 311 208 
% Carbon 60min 39.2 40.1 54.7 
90min 34 36.8 52.3 
120min 27.3 28.4 47.4 
Phenol 60min 6.4 53.3 41.3 
90min 44.2 47.6 18.5 
120min 32.9 13.3 44.4 
4-nitrophenol 60min 39.4 76.2 68.4 
90min 38.5 50.3 21.7 
120min 20.2 11.8 56.4 
4.3.3.4 Chemical Activation 
These techniques were not as closely studied as the physical methods as 
chemical activation temperatures are well defined in the literature [Bansal et al., 1988; 
Laine et al., 1989; Pollard, 1990; Jugtoyen & Derbyshire, 1993] and these agree 
closely with the very clear reaction temperatures derived from the thermogravimetric 
analysis (Section 4.2.2). Samples were activated with 50% by weight ZnCl^, 
carbonised for Ihr at 450°C and then heated for Ihr at 600°(C in a nitrogen atmosphere 
to promote activation. Cone. H^SO^ activation was conducted using 30% by weight 
of acid, with heating at 300°C for 2hr and SOO^ C for Ihr. H,PO^ activation was 
conducted using 30% by weight of acid, with heating at 450 C for Ihr in static air. 
The results for the three chemical activation techniques employed are given in 
Table 4.13 for sludge RDl. This shows the relatively poor performance of the H3PO4 
activation procedure, due to a complete lack of development of microporosity (Table 
4.14). This technique has been extremely successfully applied in other studies using 
coconut shells as a feedstock [Laine et al., 1989] and is very common for wood based 
carbons [Jugtoyen & Derbyshire, 1993; Norit, 1995] and to a limited degree for the 
Caustic Tar, but for uncertain reasons was not effective for sewage sludges. The 
cone H2SO4 activation produced carbons with much higher surface areas and phenols 
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adsorption, comparable to that of the CO^ activation technique described previously. 
The most effective process was the ZnClj activation technique which produced 
carbons with very high surface areas, approaching those of commercial carbons. 
Table 4.13 Phenols adsorption, carbon contents and surface area data for 
chemically activated sewage sludge carbons (sludge RDl) 
Activation Method ZnCl, H^SO, P A Norit SA4 
BET Surface Area (mVg) 749 345 30 778 
% Carbon 46.7 44.8 34.3 86.9 
4-nitrophenol adsorption (%) 93.6 54 14.3 95.6 
phenol adsorption (%) 69.4 34 17.8 96.1 
Table 4.14 Surface area and pore size distribution data for the chemically 
activated sewage sludge carbons and Norit SA4 (sludge RDl) 
Sample St Se Si BET 
(mVg) (m'/g) % o f S t (mVg) % o f S t C Value 
ZnClj 749 166 22.2 583 77.8 3524 
H,SO, 345 95 27.5 250 72.5 661 
H3PO, 30 28 93.3 2 6.7 36 
Norit SA4 778 224 28.8 554 71.2 1865 
The carbon content of the ZnClj activated carbon was not much larger than 
that of the H^SO^ activated carbon and the physically activated carbons, despite 
having a much higher surface area and adsorbing phenol and 4-nitrophenol more 
effectively. This suggested that the increased performance was related to a much 
more highly developed porous structure. 
The ZnClj activated carbon is highly microporous, over 75% of the total 
surface area being attributable to micropores (Table 4.14). A lower proportion of 
porosity is attributable to mesopores and macropores when compared with the other 
activation techniques. Figure 4.24 shows the adsorption/desorption isotherms for the 
chemically activated samples. The plots have a pronounced Type-I character with 
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Type-H4 hysteresis loops and flatter plateau regions than the other activation 
techniques which is indicative of microporosity. Examination of Horvath and 
Kawazoe micropore size distribution plots show the enhanced microporous 
development in the ZnCl^ activated sample (Figure 4.25). Meso and macropore size 
distribution plots (Figure 4.26) show the broad similarity in the distribution of larger 
pores, although the ZnCl^ activated carbon displayed a more developed porosity. In 
many respects the ZnCl^ activated sample is comparable to Norit, in that it has a very 
high surface area, that is predominantly microporous and has a high adsorption 
capacity for phenols. However as can be seen from Table 4.14 the ZnCl^ activated 
sewage sludge has a greater percentage of its porosity attributable to mesopores than 
Norit SA4. This would be expected to reduce the adsorptive surface area but will 
allow more rapid transport of adsorbate molecules to the adsorbent sites and hence 
lead to reduced equilibrium times. This is discussed further in the time to equilibrium 
studies (Section 5.5.2.1). As a result of these findings, of the chemical activation 
techniques, only the ZnCl^ activation procedure was investigated further. 
2 5 0 -
Figure 4.24 Adsorption/desorption isotherms for chemically activated sewage 
sludge derived carbons 
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4.3.3.5 Adsorbent Yields 
An important factor to consider when evaluating adsorbents is the yield of 
product generated from the precursor material. Carbons are sold on a weight basis 
and it is therefore important to convert as much of the precursor to activated carbon 
as possible. Sewage sludges contain a large proportion of volatile material, as shown 
by thermogravimetric analysis (Section 4.2.2) and yields from sewage sludges were 
expected to be low. Information can also be obtained regarding the nature of the 
activation and carbonisation processes from the product yield. 
Adsorbent yields for carbons produced by different activation methods and at 
different temperatures have been calculated and are displayed in Table 4.15. Two 
methods were used to calculate yield: 1) based on residual weight and 2) percentage 
of carbon in the final product as compared to the original material. These two 
methods give a slightly different indication of the efficiency of the process. The first 
indicates the production efficiency, whereas the second indicates the efficiency by 
which the active portion of the adsorbent (i.e. the amount of carbon) is concentrated 
in the product. The data in Table 4.15 shows the low product yields for sewage 
sludge materials. Typically less than 30% of the original material is converted into 
activated carbon, the remainder being converted into gases and condensable oils. The 
production of gas and oil presents both a problem and an opportunity for use of the 
process. Emission of volatile gases which may include sulphurous emissions will 
require treatment prior to discharge adding to the cost of the treatment process. 
Under the HMIP guidelines for carbonisation processes relatively strict emissions 
limits are set that are similar to those applied to industrial waste and sewage sludge 
incinerators [HMIP, 1992 & 1992a]. However oils produced during the thermal 
treatment process if condensable could be used as supplementary fiiel for the process. 
The Oil from Sludge (OFS) process discussed in Section 1.5.3 is specifically designed 
to generate a fuel oil from sludges. The experimental process developed here differs 
in that it is designed to maximise the production of the more valuable adsorbent char 
and minimise oil production, since oil, (particularly fuel oil) is cheap and readily 
available. 
Activation by CO; is particularly inefficient in production terms as at suitable 
activation temperatures (700-800°C) only 10-20% of the sludge is converted to active 
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cait)on due to the "bum off' of carbonaceous material that occurs during the CO; 
activation process which clears and widens the porous network. Activation by 
chemical activants which yield similar quality adsorbents (as indicted by the BET 
surface area values in Table 4.14) converts nearly 30% of the sludge to adsorbent. 
However, although CO; is inefficient in production terms it is efficient at 
concentrating the adsorptive carbon into the final product. Interestingly, the majority 
of carbons produced by the different activation methods had very similar carbon 
yields; between 110 and 130%. Thus differences in adsorptive properties and surface 
areas are not attributable to variations in carbon yield but to differences in the nature 
of the carbon surfaces and the porosity developed. This is discussed further in 
Section 5.4. 
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Table 4.15 Yields for sewage sludge derived carbons 
Carbon Yield % Initial % Final % Carbon BET Area 
Carbon Carbon Yield % 
RD1/N2/500 25 39.4 50.6 128.4 108.8 
RD1/N2/600 23.8 39.4 49.1 124.6 286.5 
RD1/N2/700 22.2 39.4 51.8 131.4 252.5 
RD2/N2/500 33.2 33.7 41.7 123.7 120.6 
RD2/N2/600 19.6 33.7 43.3 128.3 294 
RD2/N2/700 28.5 33.7 42.8 127 283.1 
RR3/N2/500 23.9 42.5 53 124.7 151.8 
RR3/N2/600 26.8 42.5 51.9 122.2 17.8 
RR3/N2/700 23 3 42.5 51.8 122 91.7 
RD1/C02/500 25.8 39.4 48.8 123.9 75.1 
RD1/C02/600 24.1 39.4 47 119.3 301.9 
RD1/C02/700 4.4 39.4 46.9 119 346.8 
RD1/C02/800 10.9 39.4 27.3 69.3 269.2 
RD2/C02/500 34.2 33.7 41.6 123.4 180.9 
RD2/C02/600 31.8 33.7 42 124.6 269.3 
RD2/C02/700 28.8 33.7 39.9 118.4 290.8 
RD2/C02/800 22.9 - - - 291 
RR3/C02/500 22.6 42.5 53.8 126.7 208.9 
RR3/C02/600 23.1 42.5 51.9 122.2 256.1 
RR3/C02/700 42.4 42.5 54 127.2 281 
RR3/C02/800 10.3 42.5 47.4 111.6 200 
RDI/H2SO4 - 39.4 44.8 113.7 321.6 
RDl/ZnCl, 28.4 39.4 46.7 118.5 554.2 
RDI/H3PO4 35 39.4 34.3 87.1 29.8 
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4.3.3.6 Effect Of Activation On The Level Of Heteroatoms (Hj And N )^ 
CHN analysis of the carbons produced in the study reveal changes in the 
amount of hydrogen and nitrogen within the samples. These atoms can be important 
in carbon structures as they will influence the nature of the active sites on the carbon 
surface. Figure 4.27 shows the levels of hydrogen and nitrogen in the carbons for 
various temperatures for N j carbonisation and COj activation. 
There is a gradual reduction in both and N j as the temperature of 
carbonisation/activation increases. This indicates the progression of carbonisation 
which removes as the volatile hydrocarbon materials are volatilised from the sludge 
leaving a purer carbon product. Residual is usually <3% for a suitable 
carbonisation temperature of 500°C. 
Other heteroatoms such as sulphur- and oxygen-containing groups were not 
included in this study, although the distribution of sulphur in the char and oils would 
be an important consideration for future application. The inclusion of oxygen groups 
is also significant as they can effect the adsorption of substances during application. 
Fourier transform infrared analysis was attempted for the sludge derived carbons in an 
attempt to provide more information concerning the surface chemistry, but little 
useful information was obtained and further work is required in this area 
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Figure 4.27 Levels of and at different carbonisation and CO; activation 
temperatures 
155 
4j4 SUMMARY 
• Nine sewage sludges were sampled from six wastewater treatment plants, 
providing a mixture of rural, industrial, raw and digested sludges dewatered 
either by centrifuge or filter press. 
• Raw sludges from rural locations had the highest carbon contents and a lower 
proportion of ash and would therefore be expected to produce the most 
effective adsorbents. Metals contents, although highly variable, were typical of 
reported values from UK treatment plants and were highest in the sludges 
sampled at industrial locations near to large urban areas. 
• The thermal properties of the different sludges were found to be remarkably 
similar; raw and digested sludges displayed the same degradation reactions, 
although the sizes of the weight losses were greatest for raw sludges due to 
their higher organic contents. 
• Well defined degradation reactions were classified for the different activation 
methods allowing a suitable range of carbonisation and activation conditions to 
be selected for furnace trials. 
• The use of pulverised fliel ash (PFA) in mixtures with sewage sludges did not 
improve the properties of the resultant carbons and use of PFA was not studied 
further. 
• Carbonisation and activation conditions were optimised for a range of 
activation techniques. Of these chemical activation using zinc chloride 
produced the most effective adsorbents, with high BET surface areas and 
strong adsorption of phenolic pollutants. However, other physical activation 
methods (carbon dioxide activation and carbonisation alone) were also selected 
for further study due to their simplicity, despite having reduced performance. 
• On activation by carbon dioxide the carbons displaying highest level of phenols 
adsorption did not coincide with those with the largest BET surface areas. 
This could not be attributed to porosity differences. 
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• Zinc chloride activation produced carbons similar in nature to the commercial 
carbon Norit SA4; high microporosity and resultant large surface areas and 
phenols adsorption. However the sewage sludge derived carbon also contained 
a significant percentage of mesopores, unlike the commercial adsorbent. 
• Three activation methods (ZnClj, €0% activation and carbonisation alone) were 
selected for further study to investigate the adsorption properties of different 
sludges produced by these methods and possible applications for these 
adsorbents. 
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S. ADSORPTION POTENTIAL OF WASTE DERIVED CARBONS 
5JL BULK CARBON PRODUCTION 
Having selected the appropriate activation methods for the different waste 
materials larger sample batches were produced utilising the large rotary furnace 
(Carbolite HRT 11/150), described in Section 3.2.3.1. The carbonisation and 
activation conditions used are shown in Table 5.1. 
For the caustic tar 500g of tar was mixed with 50g of one of the two Fullers 
Earths to produce a 10% by weight mix. This was heated to ~60°C and acidified to 
pH<2 using 5mol HCl. The samples were filtered, activated with 50% ZnCl^ and 
dried at 55°C overnight. Each of the two samples was then carbonised in the furnace 
under the conditions shown in Table 5.1. 
Three of the sewage sludges were selected for bulk carbonisation/activation, 
one of the raw sludges (RR3), and two industrial digested sludges (IDl & ID3). 
These were each subjected to carbonisation alone, direct COj and ZnClj activation, 
using the same procedures developed in Section 4.3.2.1, and as summarised in Table 
5.1. 
Table 5.1 Carbonisation/activation conditions for bulk carbon production. 
Carbon Name Activant Temp CO Dwell Time 
(min) 
Heating Rate 
(°C/min) 
FEIO ZnCl; 600 60 5 
AAEIO ZnClj 600 60 5 
KN3 N^ - 500 120 5 
RN3 CO2 CO; 700 60 5 
RN3 ZnClj ZnCl; 600 120 5 
I D l N j - 500 120 5 
IDl CO; CO; 700 60 5 
IDl ZnClj ZnCl; 600 120 5 
IDS N; - 500 120 5 
IDS CO; CO; 500 60 5 
IDS ZnClz ZnCl; 600 120 5 
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5j2 METALS CONTENT AND METALS LEACHING OF WASTE 
DERIVED CARBONS 
5.2.1 Experimental Methods 
The metals contents of the final carbons were determined in order to calculate 
how much of the original metals present in the sludges were retained by the carbon. 
This was obtained by first ashing the carbons in a muffle fiamace at 500°C prior to 
nitric acid/hydrogen peroxide digestion and ICP-AES analysis as described in Section 
4.1.4.2. The effectiveness of this technique was checked using European Community 
reference materials (BCR No 143 - Overfertilised Soil, and BCR No 146 - Sewage 
Sludge of Mainly Industrial Origin). 
In addition the experimental carbons were studied to determine if any of the 
metals contained within them could be leached out during use. A modified version of 
the EU DIN test (DIN 38414) was used for this purpose. 2.5g of carbon sample was 
mixed with 25 ml of distilled water (pH~4) to give a 1:10 solid to liquid ratio as 
specified by the DIN test. Samples were shaken on a rotary shaker for 24hr and then 
filtered using ashless filter paper (Whatman No 41). 4ml of the leaching solution was 
transferred to a test tube, 1ml of conc. HNO, added and the solution heated to 120°C 
for 4hr. The temperature was then increased to 150°C and the tubes left until dryness. 
After cooling 2ml of 4M HCl was added and heated to 70°C to leach for Ihr. The 
solution was then made up to 10ml by adding 8ml of 0.3M HCl and analysed by 
ICP-AES. 
5.2.2 Results And Discussion 
5.2.2.1 Metals Contents Of Waste Derived Carbons 
The metals contents of the experimental carbons are shown in Table 5.2. In 
general the levels of metals found in the carbon were many times greater than those 
found in the initial sludge (Section 4.1.4.3, Table 4.6), except for cadmium, an effect 
which is probably explained by its increased volatility at the high temperatures used 
for carbonisation/activation. Kistler et al. [1987] reported similar loss of cadmium 
fi-om pyrolysed sewage sludges at temperatures above 600°C. It should be noted that 
the metal recoveries fi-om the reference soil are only in the order of 75% and that the 
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measured values are outside the ± 2S range specified for the soil [CEC, 1983] This 
implies that the observed values for the metals contents of the carbons are 
underestimated by the digestion method used, although the reference soil is very 
different to the carbon and may digest differently. A more aggressive technique such 
as a hydrofluoric acid (HF) digest may have given better recoveries, however, 
facilities did not exist to conduct HF digests. 
The higher temperatures used in the COj activation of sewage sludges has not 
affected the level of metals found in the resultant carbons when compared to the 
levels in the carbonised only sludges, excepting cadmium. These results indicate that 
the metals in the sludge are being concentrated into the carbon. Whilst this is a 
positive factor, showing that metals are not being lost during the carbonisation and 
activation processes, it does mean that there is a potential problem with their re-use as 
the metals may be leached out. 
One of the main concerns with the zinc chloride activation process is the very 
high residual zinc concentrations in the final carbons. As can be seen in Table 5.2 
levels of zinc can be in the order of several grams per kilogram for the ZnClj activated 
carbons, despite the washing procedure used to clean the carbons after production. 
However, it is also interesting to note that some of the physically activated sewage 
sludge carbons, and DDI in particular, have zinc levels of this order of magnitude. 
Metal levels for the clay based carbons, other than for zinc, are very much 
lower than the sewage sludge carbons, reflecting the high initial metal contents of 
sewage sludges. 
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An attempt was made to conduct a mass balance for the metals throughout the 
processes. This was done by calculating the amount of metal that would be expected 
to be present in the mass of feedstock used to produce the various carbons, and 
comparing this with the metal contents determined for the final carbons. Table 5.3 
shows the calculated metals retention for the experimental carbons. The level of 
retention is very variable and no clear patterns are identifiable, probably due to the 
heterogeneity of sewage sludges and the problems involved in accurately adjusting the 
figures relative to the mass changes in the samples during carbonisation and the large 
statistical variances associated with the analysis of the original sludges (Section 
4.1.4.2). However, in all cases cadmium was less well retained than the other metals 
indicating that its higher volatility is probably causing losses during the production 
process. 
Table 5.3 Metals Retention for the experimental carbons (% of metal in 
the uncarbonised sludge retained by the final carbon) 
Cr Ni Cu Zn Cd Pb total 
RR3/C02 13 59 39 29 18 23 31 
RR3/N2 11 47 31 24 14 18 25 
ID1/C02 79 102 104 96 33 92 95 
ID1/N2 48 47 46 54 49 44 51 
ID3/C02 630 51 133 81 11 182 130 
ID3/N2 609 43 107 75 56 162 115 
As part of the evaluations of the Oil From Sludge Process, Bridle et al. [1990] 
have investigated the metals and organochlorine retention of the pyrolysis process, as 
discussed in Section 1.5.3. In this study they examined the metals balance within the 
process with a greater degree of accuracy than has been achieved in this study (Table 
5.4). Although the two processes are different, they are similar in that chars are 
produced by a thermal treatment in the absence of oxygen, and it is reasonable to 
expect the metals to behave in a broadly similar manner in both processes. Their 
results indicate that apart from Hg and As, metals are almost completely retained in 
the carbon char during sludge processing. The high levels found within the chars in 
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this study support this although the mass balance results are inconclusive, and the 
higher temperatures used may have also caused losses of Cd. 
Table 5.4 Metals contents and metal retention of the chars produced in the 
OFS process [after Bridle et al., 1990] 
Metal Sludge (mg/kg) Char (mg/kg) Percent Retained (%) 
Range Ave Range Ave Range Ave 
Arsenic 1-5 3 1-6 3 23-74 47 
Cadmium 35-54 44 59-87 69 79-117 98 
Chromium 314-745 615 774-1080 977 80-161 106 
Copper 1070-1380 1187 1615-2160 1964 84-109 100 
Lead 245-310 267 358-460 412 80-110 98 
Mercury 6-9 7 0.6-2 2 6-25 10 
Nickel 175-205 198 258-350 307 80-112 99 
Zinc 1760-2250 1999 2655-3365 3142 80-110 98 
5.2.2.2 Metals Leaching Of Waste Derived Carbons 
Having determined that the carbons retain significant quantities of toxic metals 
it was considered important to determine if these metals could be leached fi-om the 
carbon, as this would impair any attempts to re-use these materials in effluent 
treatment. Table 5.5a shows the amounts of metal leached from Ig of carbon into 
10ml of distilled water. Interestingly, although the metals contents of the 
experimental carbons were much higher than the Certified Soil (BCR 143) the 
amounts leached were generally lower (excepting the ZnClj activated materials). This 
either indicates that the metals are bound up within the carbon structure or that the 
carbons have some affinity for metals adsorption. Limited metals adsorption 
experiments were conducted to investigate this and these are discussed in Section 5.3. 
Copper, zinc and nickel were the metals most readily leached from the 
experimental carbons, but as can be seen in Table 5.5a amounts leached were all 
<5ug/g carbon, except for the ZnCl^ activated materials. This corresponds to a 
concentration in the leaching solution of <0.5ppm. For the ZnClj activated materials 
substantial quantities of Cu, Ni, Cd, Pb and particularly Zn was released. This 
163 
suggests incomplete washing of the ZnC^ activation agent from the surface together 
with Ni, Cu, Cd and Pb impurities. 
For the carbonised and CO; activated materials Cd and Pb were not leached in 
detectable quantities and chromium was only released by RR3. However, it should be 
noted that detection limits for lead were an order of magnitude greater than for the 
other elements (Section 4.1.4.2). 
When the amounts leached are converted into a percentage of the 
experimental carbon metal contents it can be seen that negligible levels are being 
leached from the carbonised and CO; activated materials (Table 5.5b). In all cases 
where levels measured were above detection limits it was possible to calculate that 
>99% of the original metals content was retained within the carbon structure. 
Detection limits for Cd, Pb and to a lesser extent Cr were not sufficient to allow 
calculation of the percentage of metal within the carbons that was leachable. In these 
cases a maximum figure is given. 
For the ZnC^ activated carbons, relatively large percentages of metals were 
released upon leaching. These are interpreted as being residual activation agent not 
adequately removed by the washing procedure, which would have to be greatly 
improved before the carbons could be used in water treatment. 
It is also interesting to compare the concentrations of metals present in the 
leaching solutions with the recommended values given by the World Health 
Organisation (WHO) for drinking water [WHO, 1992]. Although the experimental 
adsorbents are not proposed for use in drinking water the levels found in the leaching 
solutions produced from the carbonised and CO; activated carbons are generally 
below or close to the guideline levels (Table 5.6). In addition, the dosage used for the 
test (Ig in 10ml) is very high and much greater than would be used in practice. This 
means that in the majority of instances the carbons would be suitable for use in 
drinking water systems and will certainly be acceptable for discharge as effluent to a 
watercourse. The only exceptions to this were the ZnCl; activated carbons, which 
released amounts of Zn, Ni, Pb, Mn, and A1 into solution which were much higher 
than the WHO guideline. However, the dose of carbon used in reality would be at 
least ten times greater (less than lOg per litre). Under these circumstances only Zn 
levels would be unacceptable for drinking water. 
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Table 5.5a Levels of metals leached from carbons (ug/g carbon) 
Cr Ni Cu Zn Cd Pb 
RR3/N2 0.50 0.75 0.30 1.53 <0.25 <1.5 
RR3/C02 0.75 1.50 1.25 2.08 <0.25 <1.5 
RRS/ZnClj 2.50 53.30 3.60 30700 0.50 3.00 
ID1/N2 <0.50 2.00 0.33 2.88 <0.25 <1.5 
ID1/C02 <0.50 4.00 0.20 1.03 <0.25 <1.5 
IDl/ZnClj <0.50 96.80 2.83 66500 1.75 5.25 
ID3/N2 <0.50 0.75 0.33 1.75 <0.25 <1.5 
ID3/C02 <0.50 0.75 0.13 0.30 <0.25 <1.5 
IDS/ZnClj <0.50 13.00 7.40 31000 0.63 3.00 
REF. SOIL <0.50 1.50 2.78 4.20 <0.25 <1.5 
Table 5.5b % of metals leached from carbon 
Cr Ni Cu Zn Cd Pb 
RR3/N2 0.30 0.20 0.03 0.16 <8.01 <0.99 
RR3/C02 0.60 0.60 0.20 0.30 <9.6 <1.25 
RR3/ZnCl2 0.40 3.47 0.09 32.16 10.67 2.78 
1D1/N2 <0.03 0.30 0.02 0.04 <0.98 <0.17 
ID1/C02 <0.03 0.40 0.01 0.01 <2.44 <0.14 
IDl/ZnCI; 0.00 10.20 0.08 51.89 17.91 0.85 
ID3/N2 <0.05 1.00 0.03 0.15 <8.22 <0.45 
ID3/C02 <0.05 0.80 0.01 0.02 <41.0 <0.40 
ID3/ZnCl2 0.00 13.00 1.00 68.00 39.00 2.00 
REF. SOIL <0.33 2.10 1.61 0.43 <1.02 <0.15 
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5j3 METALS ADSORPTION OF WASTE DERIVED CARBONS 
5.3.1 Experimental Methods 
Adsorption isotherms were conducted for the experimental carbons using a 
mixed metal solution containing three metals typically found in industrial effluents (Cr, 
Ni, Zn). The ZnCl^ activated carbons, including AAEIO and FEIO were not included 
in these experiments due to lack of sample for testing. 
Isotherms were conducted using 0.5g of carbon weighed into clean, acid 
washed 125ml glass bottles with plastic screw caps. 50ml of solution was added to 
the carbons using a range of initial solution concentrations (1, 2, 5, 10, 25, 50, 100, 
250mg/l). Solutions were made up from AAS Grade standard metal solutions (Fisher 
Scientific UK, Loughborough) using distilled laboratory water. 
The bottles were end over end rotated for 24 hours to establish equilibrium 
before being filtered through ashless filter paper (Whatman No 41) into acid washed 
volumetric flasks and decanted into clean, plastic analysis tubes. Metals determination 
was conducted directly on the residual solutions using ICP-AES as described in 
Section 4.1.4.2, dilutions were performed as necessary. 
All the isotherm experiments were conducted without buffering the adsorption 
solutions. The advantages of this are that it more closely replicates the likely 
conditions of use and it does not introduce other substances into solution which will 
compete for adsorptive sites on the carbon surface. However the lack of control over 
the pH caused the pH to change between different carbons and between solutions of 
different concentration. In consequence observed changes in solution concentration 
cannot necessarily be solely attributed to metal adsorption but could also be due to 
metal precipitation. 
In some of the adsorption tests negative removals were observed, particularly 
with the higher concentration solutions, which were more acidic, indicating that 
metals leaching due to low pH was occurring. In order to establish the influence of 
pH on the metals adsorption process an experiment was also conducted on one of the 
carbons (IDl/COj) to examine this. 
Various amounts (between 0 and 5ml) of 0.3mol HCl were made up to 50ml 
in acid washed volumetric flasks and added to 0.5g carbon and 5ml of the mixed 
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metal solution (lOOmg/1). The solutions were rotated for 24hr and the residual 
concentrations analysed as described above. 
5.3.2 Results And Discussion 
5.3.2.1 Effect Of pH On Metal Removal 
The effect of pH on the adsorption process for the three metals studied is 
shown in Figure 5.1. At low pH (<3) no metal is removed from solution and some is 
leached from the carbons (particularly Zn). pH does not effect the amount of Ni 
removed which remains constant until pH 5.5 when some Ni starts to be removed. 
This removal is likely to be primarily due to precipitation. 
For Cr above pH 3 removal occurs and is maximised at pH 5.5 suggesting that 
Cr precipitates between pH 3-5. Zn removal was not apparent until pH >5.5 although 
reduction in the amount leached commenced at pH 3.0. The changes of slope at pH 
5.5 may indicate the onset of precipitation. 
These results indicate that pH has a significant effect on the process of metal 
removal from the carbon/solution systems and that extreme caution should be used in 
interpreting the results of the adsorption studies. 
Figure 5.1 Effect of pH on adsorption/precipitation for sewage sludge 
derived carbon ID/CO, 
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5.3.2.2 Metals Adsorption Isotherms 
The mixed metals removal data for the six sewage derived carbons are shown 
in Figures 5.2 - 5.7. These are displayed as percentage removals as it was felt that 
adsorption isotherms were not appropriate given that precipitation may also be 
occurring and metals leaching was also observed. 
All the plots show several features in common. Firstly Cr is the metal species 
most strongly removed from solution by all the experimental carbons, followed by Zn 
and then Ni. Very little Zn and Ni was removed at high concentration and in some 
instances Ni leaching was observed. This is related to the pH of the different solution 
concentrations which decreased as the solution concentration increased. This has 
particularly affected the behaviour of Ni and Zn and makes assessment of the carbons 
removal potential very difficult. 
At low concentrations (<50mg/l) very high removals were observed, 
particularly for Cr, which suggests that these materials may be useful in treating 
metals contaminated wastewaters. However, at these solution concentrations pH was 
close to neutral and a certain proportion of the removal observed may have been 
associated with precipitation. Determination of the extent of the role of precipitation 
and adsorption would require a great deal of further work which was outside the 
scope of this study. However, it would be useful to assess this further. 
For all of the carbons the N^, carbonised only materials removed more metals 
than their CO^ activated counterparts. As is discussed in the subsequent section 
(Section 5.4) the CO^ activated carbons have higher surface areas than the N^ 
carbons. The better performance of the carbonised sludges must therefore be 
associated with other properties of the materials, not with surface area as is expected 
for other adsorption processes. A possible explanation might be the presence of 
increased numbers of exchangeable cations in the carbonised sludges. However, 
further characterisation and metals adsorption studies would have to be performed to 
test this hypothesis. 
169 
OC 40 
Cr 
Ni 
Zn 
100 150 200 
Initial Concentration (mg/1) 
250 300 
Figure 5.2 RR3/N2 mixed metals removal from aqueous solution 
o; 40 
Initial C o n c e n t r a t i o n (mg/I ) 
Figure 5.3 ID1/N2 mixed metals removal from aqueous solution 
120 
100 
80 
60 
40 
20 
0 
-20 
Cr 
Ni 
V Zn 
\ 
1 1 1 
— • 
1 1 
50 100 150 200 
Initial Concentration (mg/I) 
250 300 
Figure 5.4 ID3/N2 mixed metals removal from aqueous solution 
170 
Initial C o n c e n t r a t o r ! (mg/ l ) 
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Figure 5.7 ID3/C02 mixed metals removal from aqueous solution 
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M POROSITY AND SURFACE AREAS 
The physical and chemical characteristics of the bulk carbon samples produced 
by the different methods were analysed for carbon content using CHN microanalysis. 
Pore size distributions and surface areas were determined by continuous volumetric 
gas analysis as described in Section 3.2.3.1. 
Figures 5.8-5.11 show full adsorption desorption isotherms for the carbonised, 
CO; activated, ZnCl^ activated sewage sludges, the caustic tar based carbons, Norit 
SA4 and raw Fullers and Acid Activated Earths. All the experimental carbons have 
Type-IV adsorption isotherms (using the BDDT classification scheme (Section 
1.4.4.2), which are typical of mesoporous materials. However, some of the carbons 
display significant Type-I character indicating a substantial microporous component. 
Figure 5.8 compares the sewage sludges produced using carbonisation alone. 
ID1/N2 and ID3/N2 show typical Type-IV isotherms with Type-H3 hysteresis loops 
(using the lUPAC classification scheme. Section 1.4.4.2). Such isotherms are 
indicative of largely mesoporous materials with slit shaped pores. RR3/N2 displays 
an isotherms with a Type-H4 hysteresis loop suggestive of a more microporous 
material. This is supported by plotting t-plots (Section 1.4.4.4) for the carbons 
(Figures 5.12-5.15). RR3/N2 does not show the upward deviation at high relative 
pressure typical of mesoporous material and the intercept of the straight line portion is 
further up the y-axis indicating greater adsorption at low relative pressures and 
greater micropore volume. These factors suggest an enhanced microporosity for 
RR3/N2 when compared to the more mesoporous IDl and ID3. This is also 
supported by Horvath & Kawazoe (HK) plots (Section 1.4.4.4), which show 
micropore size distributions for the different carbons (Figures 5.16-5.19). The RR3 
based carbon shows increased amounts of microporosity centred around 0.6nm pore 
sizes. 
The increased mesoporosity of the digested carbons is indicated by 
examination of their pore size distributions (Figures 5.20-5.23). ID1/N2 and ID3/N2 
have more mesopores over the entire mesopore range than RE3/N2. The 
mesoporosity of these carbons is in general rather broad, ranging uniformly from 
40-100nm and decreasing below 40nm. 
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Figure 5.8 Adsorption/desorption isotherms for carbonised sewage sludges 
Figure 5.9 Adsorption/desorption isotherms for CO^ activated sewage sludges 
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Figure 5.12 t-plots for carbonised sewage sludges 
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Figure 5.13 t-plots for CO; activated sewage sludges 
175 
n 
£ o 
350-
300 
250 
200 
I 150 
> 100 
5 0 -
0 
NORIT 
0.5 1 1.5 
Film th ickness (nm) 
Figure 5.14 t-plots for ZnCI^ activated sewage sludges and Norit SA4. 
3 0 0 -
250-
200 
1 5 0 -
"S 1 0 0 -
n 
B o 
<u 
B 
o > 
5 0 -
0 
AAE 
AAEIO FEIO 
0.5 1 1.5 
Film th ickness (nm) 
Figure 5.15 t-plots for AAEIO, FEIO and raw montmorillonite clays AAE and 
FE 
176 
0.12-4 
E 0 . 0 8 -c 
E 0 . 0 6 -
!D 
i 0 . 0 4 -
0 . 0 2 -
1 1.5 2 
Pore D i a m e t e r ( nm) 
2.5 
Figure 5.16 Micropore size distributions (HK) for carbonised sewage sludges 
Pore D i a m e t e r ( nm) 
Figure 5.17 Micropore size distributions (HK) for COj activated sewage 
sludges 
177 
3 . 5 -
3 -
2 . 5 -
~5l) 2 -
s , 
(U 1 .5 -
B zs 
1 -o > 
0 . 5 -
0 -
NORIT 
1 1.5 
Pore Diameter (nm) 
1 
2 2.5 
Figure 5.18 Micropore size distributions (HK) for ZnClj activated sewage 
sludges and Norit SA4. 
0.6H 
0.5 
I 0 . 4 -
1 0 . 3 -
Oi 
i 0.2 
O > 
0.1-
0 
AAEIO 
FEIO 
1 1.5 
Pore Diameter (nm) 
2.5 
Figure 5.19 Micropore size distributions (HK) for AAEIO, FEIO and raw 
montmorillonite clays AAE and FE 
178 
1 
D 
B 
o > 
0 . 0 0 1 -
0 . 0 0 0 8 -
0 . 0 0 0 6 -
0 . 0 0 0 4 -
0 . 0 0 0 2 -
4 6 10 20 40 60 100 
Pore Diamete r (nm) 
Figure 5.20 Mesopore size distributions for carbonised sewage sludges. 
0.00124 
0 . 0 0 1 -
0 . 0 0 0 8 -
0 . 0 0 0 6 -
o 0 .0004 
0 . 0 0 0 2 -
IDl 
IDS 
6 10 20 40 60 100 
Pore Diamete r (nm) 
200 
Figure 5.21 Mesopore size distributions for CO^ activated sewage sludges 
179 
0 .0035 
0 .003 
0 .0025 
.60 
B. 0 .002 
(U 
B 0 .0015 
3 
P > 0.001 
0 .0005 
NORIT 
m i 
4 6 10 20 
Po re D i a m e t e r ( n m ) 
R R 3 ^ T ^ I D S 
n — r 
40 60 100 200 
Figure 5.22 Mesopore size distributions for ZnCl^ activated sewage sludges and 
Norit SA4. 
1 
(U 
B 
o > 
0 .002 H 
0 . 0 0 1 5 -
0.001 
0 .0005 
0 
AAEIO 
4 6 10 20 40 60 100 200 
Pore D i a m e t e r ( n m ) 
Figure 5.23 Mesopore size distributions for AAEIO, FEIO and raw 
montmorillonite clays AAE and FE 
180 
Calculations of BET, t-plot and micropore surface areas for the experimental 
carbons give an indication of the scale of the porosity differences between the various 
carbons (Table 5.7). RR3/N2 has a larger BET surface area than the other two 
carbonised only sludges and this is primarily due to increased microporosity (67% of 
the total BET surface area is due to microporosity compared to 35% and 51% for 
ID1/N2 and ID3/N2). 
The CO; activated sewage sludges show a similar pattern to the carbonised 
sludges. The isotherm shapes of DDI, IDS and RR3 are very similar to the carbonised 
counterparts although all show enhanced adsorption. RR3 shows more Type-I 
character having a Type-H4 hysteresis loop while IDl and ID3 have Type-H3 
hysteresis loops. The t-plots are similar, although there is a more pronounced 
adsorption of all the carbons at low relative pressures indicating enhanced 
microporosity development over the carbonised samples. This is reflected in the BET 
and mesopore surface areas shown in Table 5.7. This is mainly due to relatively large 
increases in the micropore surface area and volumes produced by the CO^ activation 
which will open up blocked and restricted micropores. The development of 
microporosity is illustrated in HK plots (Figures 5.16-5.19). RRS/COj clearly has 
increased microporosity in comparison to IDl/CO^ and IDS/CO^, and also to the 
carbonised sample RR3/N2. The higher BET C values for the CO^ activated carbons 
shown in Table 5.7 are also indicative of microporosity development. Increases in 
mesopore surface areas in comparison to the carbonised only materials are also 
apparent (increased t-plot surface areas). This is attributed to pore widening by the 
CO; activation process [Hassler, 1967; Smisek & Cemy, 1970; Norit, 1995]. 
The ZnClj activated sewage sludges show the same pattern of porosity and 
surface area development as the carbonised and CO^ activated samples. RRS/ZnClj 
has a very pronounced Type-1 character having a clear Type-H4 hysteresis loop 
indicative of extensive microporosity. Indeed the Type-I character of RRS/ZnCl^ is 
more pronounced than that of Norit SA4, a microporous commercial carbon. 
On examination of the BET and mesopore surface areas (Table 5.7) it is 
apparent that RRS/ZnClj is predominantly microporous having a BET surface area 
greater than Norit SA4 but with less extensive mesoporosity than the commercial 
carbon. This is apparent from HK plots of the carbons (Figure 5.8) as well as t-plot 
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analysis (Figure 5.14), where the intercept on the y-axis of RRS/ZnCl^ is much higher 
giving a larger micropore volume. The micropore volume of RRJ/ZnCl^ (Table 5.7) 
is approaching an order of magnitude greater than the carbonised or CO^ activated 
samples indicating the effectiveness of the ZnClj activation process in producing 
microporous materials. The enhanced micropore surface area of the ZnCl^ activated 
materials has important effects on the samples aqueous adsorption characteristics as 
discussed in the following section (Section 5.5). 
Mesoporosity in the COj activated sludges follows a similar pattern as the 
carbonised samples, as shown in Figure 5.21. IDl and IDS have larger amounts of 
mesoporosity than the undigested sludge based carbon RR3. The porosity 
distribution is the same as the carbonised samples (a broad distribution between 
40-100nm and decreasing amounts of mesopores below 40nm), with a similar volume 
over the distribution range. 
Although the sewage sludge ZnCl^ activated carbons are largely microporous 
they do show significant mesoporosity development, as indicated by t-plot surface 
areas (Table 5.7) and pore size distribution plots (Figure 5.22). The digested carbons 
(IDl and IDS) have much higher mesopore areas than the other carbons, excepting 
the caustic tar based carbon AAEIO. RRS/ZnCl^ however has very few mesopores 
(<10%) and this is important when considering adsorption of larger molecules. Norit 
SA4 has a different distribution to the sewage sludge based carbons with a narrower 
mesoporosity and larger mesopore volume. 
The N j adsorption isotherms of the clay based carbons are interesting as they 
are produced using the ZnCl^ activation technique from predominantly mesoporous 
clays, but have a much reduced carbon content (Table 5.7) and therefore a reduced 
potential for microporosity development compared to the sewage sludges. Figures 
5.11 & 5.15 shows the full adsorption/desorption isotherms and t-plots for the two 
clay based carbons (AAEIO and FEIO) and the raw clays that form their base (AAE 
and FE). The Acid Activated Earth (AAE) and Fullers Earth (FE) both possess 
Type-rV isotherms with Type-H3 hysteresis loops, although the acid activation of the 
AAE has clearly modified the mesoporosity resulting in a much larger hysteresis loop. 
Both materials have very little microporosity. 
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For AAEIO the addition of caustic tar and ZnClj activation has tended to 
increase microporosity and reduce mesoporosity, as indicated by the change in slope 
of the t-plots and changes in the adsorption/desorption isotherms. This is reflected in 
reductions in BET and external surface areas, as shown in Table 5.7. Mesopore size 
distributions have also been modified on activation (Figure 5.23). AAEIO has a 
smaller volume of mesopores and in particular a reduction in the volume of larger 
mesopores (>30nm). 
Changes in microporosity are reflected in the increases in micropore volume, 
and microporous surface areas (Table 5.7). It is also clearly shown in the changes in 
micropore size distributions indicated in Figure 5.19. AAE has a small amount of 
microporosity with a bi-modal distribution centred on 0.5 and 0.9nm. This suggests 
that the development of a microporous carbon within the pore structure of the clay 
has reduced the available mesopore volume and/or that the activation process has 
partially collapsed the layered structure of the clay support, as suggested by other 
workers using montmorillonite based clays [Pollard, 1990]. 
In the case of FEIO there is very little apparent difference between the 
isotherms for FEIO and FE alone other than an increase in adsorption at low relative 
pressures. This is seen clearly in the t-plots where the upper portion of the curves are 
closely paralleled but FEIO has been shifted up the y-axis. This is typical behaviour of 
a mesoporous material that has additional microporosity. Micropore volume, 
micropore and BET surface areas increased for FEIO in comparison to FE. 
Micropore size distributions reflect this increase in porosity at approximately 0.5nm 
(Figure 5.19). Mesopore size distributions have not changed greatly upon activation 
and there is an indication of an increase in smaller mesopores (20-3Onm) in FEIO 
compared to FE alone, although external (t-plot) surface area remained the same. 
This suggests that for FEIO the development of the mesoporous carbon on activation 
of the sample has not affected the layer structure of the clay base which has retained 
its existing mesoporosity. 
Based on these results it is clear that the ZnClj activation process produces 
better carbons with more extensive porosity and larger surface areas than the CO^ 
activation or carbonisation alone. However, CO^ activation of sewage sludges does 
generally increase surface areas above that of the carbonised sewage sludge samples 
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and in some situations may be a more suitable, although less effective activation 
technique for sewage sludges than the ZnCl^ method. The undigested sludge (RR3) 
based carbons yielded higher surface areas than the corresponding carbons from the 
digested sewage sludges. This is probably due to the high carbon content of the raw 
sludge based carbons which provides a larger amount of carbonaceous material that is 
available for porosity formation. The AAE and FE based carbons are predominantly 
mesoporous (50-60% of the total porosity), reflecting the mesoporous nature of the 
raw Fullers Earth and Acid Activated Earths. The development of 40-60% 
microporosity is attributed to the formation of an interlayer carbon from the caustic 
tar material which increased the carbon content of the carbons from 1 to 25% 
compared to the raw clays. 
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5 ^ AQUEOUS ORGANICS ADSORPTION STUDIES 
5.5.1 Eiperimental Methods 
These studies were designed to examine the most important aspect of the 
experimental carbons performance as the most likely form of use was considered to be 
aqueous adsorption of organic pollutants. To examine the behaviour of the carbons 
more fundamentally a range of different organic adsorbents were selected based on: 
• their established problems as aqueous pollutants 
• the size of the molecule, to give a range of adsorbate sizes enabling a more 
complete understanding of the porosity and relative importance of the 
distribution of porosity 
• differences in functionality to provide information concerning the importance 
of the carbons' surface chemistry 
• ease of analysis by UV spectroscopy 
The six pollutants selected were phenol, 4-nitrophenol, 2,3-dichlorophenol, 
4-methylphenol (p-cresol), 2-butanoic acid (crotonic acid), and methylene blue. The 
basic chemical characteristics of these molecules are given in Table 5.8. 
Table 5.8 Chemical characteristics of compounds used in adsorption tests 
Compound Molecular 
Weight" 
Solubility 
(M) at 298K 
PK." Adsorption 
Wavelength (1) 
Molecular Surface 
Area (A^) 
Phenol 94.11 0.9* 9.89 268 43.7* 
4-methylphenol 108.14 0 18= 10.17 270 -
4-nitrophenol 139.11 0.1* 7.15 314 52.5' 
2,3-dichlorophenol 163.00 0.09* 7.44 274 53.9* 
2-butanoic acid 89.09 0.28' 4.69 204 -
Methylene Blue 319.85 0.07' - 286 120* 
• CRC, 1978; ^ Carturia et al., 1987;' Yonge et al., 1988; Giles & Nakhwa, 1962;' Merck, 
1983; ^Kippling & Wilson, 1960; ^Potgieter, 1991. 
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Prior to isotherm analysis two sets of experiments were conducted to establish 
the time to equilibrium (equilibrium kinetics) for the dififerent adsorbates and 
adsorbents, and the effect of pH on the adsorption process. 
For the equilibrium kinetics studies several solutions were made up for each 
adsorbate and adsorbent combination using 0.5g of carbon and 50ml of 200mg/l of 
either phenol, 4-nitrophenol, 2,3-dichlorophenoi, 4-methylphenol and 2-butanoic acid 
and 50mg/l for methylene blue. Solutions were rotated end-over-end and bottles 
removed periodically for determination of residual concentrations at increasing time 
intervals (ISmin, SOmin, 45min, 60min, 90min, 2hr, 4hr, 6hr and 30hr). Residual 
concentrations were determined by UV spectroscopy as described in Section 3.2.2.1, 
using the analytical wavelengths listed in Table 5.8. The lower limit of detection was 
determined during calibration and established to be 2mg/l or better for all the 
adsorbates examined. Calibration ranges were; 5-200mg/l for phenol and 
4-methylphenol; lO-lOOmg/1 for 4-nitrophenol; 5-250mg/l for 2,3-dichlorophenol; 
5-20mg/l for 2-butanoic acid and 5-50mg/l for methylene blue. Dilutions were 
performed where necessary to bring analyte solutions within the calibration range. 
Isotherms for all the bulk carbons were conducted for these pollutants using 
the methodologies described in Section 3.2.2.1. All isotherm studies were conducted 
without buffering as the natural pH range of the carbons (2-5) was less than the pK, 
of the adsorbates used. As a result the undissociated species of the compounds would 
predominate in solution eliminating complications associated with the presence of 
dissociated ions in solution [Snoeyink et al., 1969; Pollard et al., 1992] Unbuffered 
solutions were preferred as this eliminated complications arising from competition 
with the buffer for adsorptive sites and more closely reflects the conditions of use for 
the carbons. 
Contact times, determined from the time to equilibrium experiments (Section 
5.5.2.1), of 4hrs were adopted for all the adsorbates except 2-butanoic acid where a 
time of 8hr was used. Residual concentrations were determined as described 
previously. Full adsorption isotherms were conducted for the six adsorbates using the 
eight experimental carbons and Norit SA4. 
All isotherms were modelled using Langmuir and Freundlich models and the 
adsorijate constants calculated. Adsorption constants were calculated for all the 
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carbons and the six adsorbates where possible. For some adsorbates with extensive 
adsorption shown by some of the carbons no plateau was reached, preventing 
accurate determination of the isotherm constants. In general the Freundlich model 
was found to fit the data better, and the linear range of the Langmuir model was 
smaller making it difficult to apply the model in some situations. Correlations 
(Pearson) between the Kj- & Q ,^ values of the Freundlich and Langmuir models were 
performed using the SPSS software program. and showed a strong positive 
correlation (0.7) which was significant at the 99% level. This indicates that the two 
models broadly agreed, although differences in individual data were expected. 
Specific surface areas were also calculated for the adsorbates, where the 
molecular surface area was known, using the method described by Giles & Nakhwa 
[1962]. 
5.5.2 Results And Discussion 
5.5.2.1 Equilibrium Kinetics 
Figures 5.24-5.29 show curves for establishment of equilibrium for the 
different adsorbates and several of the experimental adsorbents. Methylene blue, 
4-nitrophenol and 2,3-dichlorophenol were adsorbed very quickly and equilibrium is 
established within an hour. Phenol and 4-methylphenol reach equilibrium more slowly 
implying that the affinity for the adsorbents is lower or that diffusion into the pores of 
the material is slower. These considerations are discussed more fully in the following 
sections. For simplicity all the adsorbates except 2-butanoic acid were given 
adsorption times for isotherm determination of 4 hours. 2-butanoic acid shows a 
peculiar step in the equilibrium curves which may indicate an unusual adsorption 
process. For this reason equilibrium times were increased to 8 hours for 2-butanoic 
acid. 
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5.5.2.2 Phenols Adsorption 
Figures 5.30-5.37 display adsorption isotherms for phenol, and the phenol 
derivatives examined: 4-nitrophenol, 4-methylphenol (p-cresol) and 
2,3-dichlorophenol. These diagrams segregate the carbons produced by carbonisation 
and CO; activation from the ZnCl^ activated carbons which are displayed along with 
Norit SA4. It is clear from the scales of the y-axis on the graphs that 
2,3-dichlorophenol and 4-nitrophenol are adsorbed by the carbons more strongly than 
phenol and 4-methylphenol. In addition the ZnCl^ activated carbons are more 
strongly adsorbing than the carbonised and CO^ activated sewage sludge derived 
carbons. The sewage sludge based carbons are also more strongly adsorbing than the 
caustic tar derived materials. 
All of the phenol derivatives display the same basic isotherm shape for the 
different types of carbon; sewage sludge based, caustic tar based and the commercial 
carbon (peat based). This is the common L-type (Langmuir) isotherm as defined by 
Giles et al. [1960] which is observed for the majority of cases of adsorption from 
dilute solution. The initial portion of the curves show that it becomes increasingly 
difficult for molecules to adsorb as more sites are filled, implying that the solute 
molecule is adsorbed flat onto the surface or is not in strong competition with the 
solute for adsorption sites. 
Most of the curves for 4-nitrophenol and 2,3-dichlorophenol (where 
complete) give standard L2 isotherms with a distinct plateau, indicating the formation 
of a monolayer that does not present an attractive surface for further adsorption. 
Phenol and 4-methylphenol adsorption is more normally associated with Type-L3 
where a distinct plateau is not obvious and further gradual adsorption occurs as the 
solution concentration is increased. In the case of phenol a distinct step is visible in 
several of the isotherms. This has been recognised as a common feature of phenol 
adsorption by a variety of materials by previous workers [Giles et al, 1960; Snoeyink 
et al., 1969; Mattson et al., 1969]. It is generally attributed to the rapid re-orientation 
of the phenol molecules at the carbon surface from a flat to an end-on position which 
exposes more of the carbon surface for further adsorption. Some stepped isotherms 
are associated with pH when solution pH is close to the pK, of the solute, but in this 
case the pH is well below the pK^for phenol (9.89). 
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The diflference in behaviour of the phenol and the substituted phenols may be 
due to the nature of the adsorption process. Substituted phenols containing 
electronegative groups such as the CI and functionalites tend to withdraw 
electrons from the n electron ring system encouraging an acceptor donor complex to 
form with the carbon surface. Carbonyl groups on the surface act as electron donors 
and the aromatic ring of the adsorbate acts as the acceptor. This process is suggested 
as being responsible for adsorption of phenol and substituted phenols onto many 
activated carbons [Mattson et al., 1969; Shirgonkar et al., 1992]. Further adsorption 
is attributed to complexation with the rings of the basal planes. It is possible that in 
this instance the strong withdrawal from the ring by the substituted phenols 
discourages donation of electrons to the adsorbing molecule thus limiting ftirther 
adsorption. The weaker withdrawal of phenol may still allow donor acceptor 
complexes to form with successive adsorbing layers producing the L3 adsorption 
shape. 
The adsorption of 4-nitrophenol is particulariy strong and although the 
majority of isotherms are of L-type some show virtually complete adsorption at low 
concentrations giving a type H isotherm (e.g. RRS/ZnClj & IDl/ZnClJ. This can be 
viewed as a special case of Type-L adsorption where the solute affinity is very high 
producing a near vertical initial portion of the isotherm [Giles et al, 1960]. 
In general the same pattern of adsorption intensity is given by the various 
carbons for the different phenol derivatives. The sewage sludge derived ZnC^ 
activated carbons are the most strongly adsorbing and in some cases perform as well 
as Norit SA4. CO^ activated sewage sludge carbons and the caustic tar carbons 
usually adsorb more of the phenols than the carbonised sewage sludges. The two 
caustic tar carbons AAEIO and FEIO give very similar adsorption isotherms despite 
differences in surface area and porosity. These differences are, however, largely 
related to differences in mesoporosity. Micropore surface areas are similar (Section 
5.4, Table 5.7), although FEIO has a larger micropore volume. Phenols are largely 
adsorbed within the micropores and differences in mesoporosity will not greatly affect 
adsorption. 
However there are some interesting exceptions to these trends. IDl/N^ 
adsorbs more phenol than its CO^ activated counterpart (IDl/CO^) for both 
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4-nitrophenol and 2,3-dichlorophenol at high concentrations. At low concentrations 
the reverse is the case as the isotherms cross. It is possible that this may be due in 
part to a change in the orientation of adsorption of these molecules on the carbonised 
sample as it shows evidence of a stepped isotherm for 4-nitrophenol adsorption. It 
cannot be attributed to an increase in mesoporosity and hence enhanced transport 
rates, as the COj activated sample (IDl/COj) has a higher t-plot surface area than the 
carbonised only sample (IDl/Nj) (Section 5.4, Table 5.7). 
When comparing different sewage sludge based carbons produced using the 
same technique the carbons produced fi-om the raw sludge (RR3/N2 & RRS/CO^) 
outperform their counterparts produced from digested sludge. One sludge in 
particular gives poor results (ID3) and CO; activation does not improve its 
performance beyond that of the unactivated sludges fi-om different treatment works. 
It is likely that this is due to the lower amount of carbon present in this sludge and its 
higher ash content as described in Section 4.1.3 (Table 4.3). ID3 has an initial carbon 
content of 27% and an ash content of 54%, as compared to IDl (30% carbon, 45% 
ash) and RR3 (42.5% carbon, 19% ash). 
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5.5.2.3 Phenols Isotherm Analysis 
The Freundlich and Langmuir isotherm constants are listed for the phenol 
derivatives in Tables 5.9-5.12. In general the Freundlich equation was found to fit the 
data better than the Langmuir and it was not always possible to apply the Langmuir 
equation due to its restricted linear range. This was most noticeable for the ZnCl^ 
activated carbons, some of which gave negative adsorption capacities when the 
Langmuir model was applied. 
Plots of the Freundlich curves are shown in Figures A1 - A12 (Appendix 11). 
These show marked deviation from the linear relationship required by the Freundlich 
equation at low concentrations. This is a common feature of the Freundlich equation 
and is expected where low solution concentrations are used [Singer and Yen, 1980] 
At high concentrations steps in the phenol isotherms are very clear. As discussed in 
the previous section this is associated with a change in the adsorption orientation of 
the phenol molecule allowing adsorption of further adsorbate layers. For isotherm 
constant calculation only the data prior to the step was used to calculate the 
monolayer capacity. 
The Langmuir equation was very difficult to fit at both extremes of low and 
high concentration and it was not possible to plot the curves together on a reasonable 
scale. As a result the linear range was small and the results of Langmuir isotherm 
analysis are considered less reliable than the Freundlich. This has also been reported 
by previous workers studying phenols adsorption from activated carbons [Snoeyink et 
al., 1969]. 
The clearest observation that can be made from the data is the very high 
Langmuir and Freundlich adsorption capacities (Q, and values) possessed by the 
commercial carbon Norit SA4 for all the phenolic adsorbates. With only a few 
exceptions it has higher capacities than the sewage sludge and caustic tar derived 
carbons, which is explained by its high carbon content (96%) and large surface area 
(778mVg), as discussed in Section 5.4. 
However, several of the ZnCl^ activated sewage sludge carbons have 
adsorption capacities approaching or exceeding that of Norit. In general the ZnCl^ 
activated carbons have higher adsorption capacities than the carbons produced by 
other activation methods, reflecting their higher BET surface areas (Section 5.4, 
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Table 5.7). The caustic tar derived carbons which are ZnClj activated have lower 
adsorption capacities than the ZnCl^ sewage sludge carbons, but perform better than 
the carbonised and COj activated sewage sludge carbons. These data show clearly 
the effectiveness of the ZnClj activation technique in producing highly adsorptive 
carbons from varied feedstocks. 
The CO; activated carbons generally have higher capacities than the 
corresponding carbonised sewage sludges, with some exceptions. ID1/N2 for 
example, outperforms the CO; activated carbons for all the phenolic adsorbates, 
despite having much lower BET and microporous surface areas. 
The raw sludge derived carbons generally displayed higher adsorption 
capacities (both and K )^ than the industrial anaerobically digested carbons. This is 
largely due to the higher BET and microporous surface areas associated with the 
undigested sludge based carbons, which in turn may be due to the lower ash and 
higher carbon content of the raw material. The Freundlich values for 
2,3-dichlorophenol did not follow this general trend so well as for the other 
compounds. Several of the Freundlich plots (Figures A5 & AS, Appendix 11) show 
poor linear responses which has affected the reliability of these data, as only the linear 
range can be used for isotherm constant determination. 
The values of the Freundlich constants obtained for phenol are similar to those 
obtained by Martin et al. [1996], in their preliminary studies of sewage sludge derived 
carbons. They obtained K^ . values of 2-6mg/g compared to values of 0.5-3.5mg/g in 
this study. These values are in good agreement considering the difficulties of 
comparing isotherm constant values which should largely be considered as qualitative 
given the variations in adsorption conditions that can occur. The highest Kj. value 
obtained by Martin et al. was 6.3mg/g for a H^SO^ activated carbon, without 
optimisation of the process. It is surprising that this exceeds the value of 3.5mg/g for 
the optimised ZnClj carbon produced in this study. This may, however, be explained 
by the difficulties in comparing studies described above and the limited number of 
data points (three) used by Martin et al. to calculate the adsorption capacity, which 
will limit the accuracy of the measurement. 
A general trend of increasing adsorption capacity is observed for the diffisrent 
adsorbates: phenol<4-methylphenol<4-nitrophenol<2,3-dichlorophenol. As discussed 
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in the previous section (Section 5.5.2.2), the effect of electron withdrawal by 
functional groups on the phenol molecule can increase adsorption performance. The 
stronger electron withdrawing capacities of 4-nitrophenol and 2,3-dichlorophenol 
results in increased adsorption capacities as compared to phenol and 4-methylphenol. 
1/n values are all < 1.0 (with the exception of IDl/ZnCl^ for 
2,3-dichlorophenol) which indicates a relatively high adsorption intensity of the 
phenolic adsorbates. Most carbons display low 1/n values and this implies that the 
adsorption is not concentration controlled for these materials, b values do not give 
such a clear indication. 
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Table 5.9 Phenol adsorption 
constants 
Freundlich and Langmuir isotherm 
Carbon Langmuir Freundlich 
Qo 
(mg/g) 
b 
(1/g) 
RZ Kf 
(mg/g) 
1/n 
(1/g) 
R" 
IDl/Nj 26.00 0.00 1.00 0.46 0.54 0.99 
ID3/Nj 9.48 0.01 0.94 0.49 0.45 0.97 
RR3/N2 26.33 0.01 0.99 1.23 0.46 0.99 
IDI/CO2 12.85 0.13 0.95 1.56 0.41 0.98 
IDS/CO; 15.98 0.00 0.99 3.36 0.24 0.99 
RR3/CO2 25.19 0.05 0.98 3.31 0.34 0.95 
IDl/ZnCl^ 34.26 0.02 0.97 1.87 0.47 0.99 
ros/zncij 25.12 0.03 0.99 1.89 0.45 0.99 
RRS/ZnClj 86.24 0.02 0.99 3.52 0.54 0.97 
AAEIO 22.91 0.01 0.93 2.04 0.35 0.87 
FEIO 23.91 0.02 0.94 3.23 0.30 0.91 
Norit SA4 79.13 0.20 0.88 19.20 0.38 0.98 
able 5.10 4-nitrophenol adsorption - Freundlich and Langmuir isothe 
constants 
Carbon Langmuir Freundlich 
Qo 
(mg/g) 
b 
(1/g) 
RZ Kf 
(mg/g) 
1/n 
(1/g) 
Ri 
IDI/N2 27.00 0.07 0.99 1.84 0.52 0.94 
RR3/N2 11.60 0.23 0.96 2.36 0.34 0.96 
ID3/N, 17.55 0.12 0.98 3.04 0.32 0.79 
IDS/CO^ 11.02 1.78 0.96 4.02 0.22 0.95 
IDI/CO2 22.48 0.69 0.95 7.15 0.23 0.97 
RR3/CO2 57.22 0.05 0.99 5.01 0.46 0.95 
AAEIO 65.14 0.17 0.97 12.38 0.28 0.98 
FEIO 60.69 0.32 0,97 14.56 0.27 0.96 
RRS/ZnClj 223.34 0.20 0.99 36.11 0.57 0.93 
IDl/ZnClj 120.53 0.14 0.99 16.61 0.43 0.96 
IDS/ZnCLj 85.32 0.20 0.97 15.06 0.41 0.97 
Norit SA4 154.43 0.06 0.99 21.05 0.43 0.98 
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Table 5.11 2,3-dichlorophenol adsorption - Freundlich and Langmuir 
isotherm constants 
Carbon Langmuir 
Qo b 
(mg/g) (1/g) 
R' Kf 
(mg/g) 
Freundlich 
1/n 
(I/g) 
R2 
IDl/N^ 81.00 0.01 0.95 3.00 0.51 0.92 
RR3/N2 97.28 0.01 0.91 5.24 0.40 0.91 
ID3/N2 22.12 0.03 0.97 2.42 0.36 0.95 
ID3/CO2 32.05 0.09 0.99 5.91 0.27 0.89 
IDI/CO2 37.47 0.05 0.92 3.89 0,40 0.94 
RR3/CO2 57.23 0.05 1.00 5.01 0.46 0.95 
AAEIO 90.67 0.02 0.94 6.76 0.40 0.95 
FEIO 87.84 0.02 0.92 7.25 0.36 0.92 
RRS/ZnCl; -34.02 -0.11 0.70 5.73 0.46 0.92 
IDl/ZnCl^ 172.24 0.03 0.96 11.33 1.41 0.93 
IDS/ZnCLj 140.76 0.04 0.98 11.54 0.57 0.99 
Norit SA4 202.29 0.13 0.96 32.31 0.52 0.88 
Table 5.12 4-methylphenol adsorption - Freundlich and Langmuir isotherm 
constants 
Carbon 
Qo 
(mg/g) 
Langmuir 
b 
(I/g) 
R2 K, 
(mg/g) 
Freundlich 
1/n 
(1/g) 
R] 
ID 1/N, 54 0.00 0.97 0.8 0.55 0.99 
ID3/N2 19 0.01 0.95 1.1 0.36 0.98 
RR3/Nj 32 0.02 0.99 2.0 0.46 0.98 
IDl/CO, 31 0.02 0.96 2.8 0.33 0.92 
ID3/CO2 16 0.08 0.96 3.9 0.23 0.97 
RR3/CO2 33 0.06 0.99 4.2 0.35 0.96 
AAEIO 35 0.02 0.99 2.4 0.44 0.99 
FEIO 33 0.05 0.99 5.9 0.29 0.98 
RR3/ZnCl2 1558 0.00 0.93 12.3 0.40 0.98 
IDl/ZnCl, 50 0.04 0.99 3.7 0.51 0.97 
ID3/ZnCL3 40 0.05 0.98 3.6 0.49 0.92 
Norit SA4 323 0.06 0.80 36.6 0.43 0.95 
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5.5.2.4 2-Butanoic Acid Adsorption 
The adsorption of this compound (Figures 5.38 & 5.39) showed a very 
different behaviour when compared to the phenol based compounds (Figures 
5.31-5.37). The carbonised and CO^ activated sewage sludges and the caustic tar 
carbons often displayed Type-S3 isotherms, especially at low concentrations. Norit 
SA4 gave particularly clear Type-S adsorption. The ZnClj activated sewage sludge 
derived carbons showed normal Type-L3 isotherms. The Type-S isotherm is 
associated with an increase in the amount adsorbed as the concentration rises, i.e. 
adsorption becomes easier [Giles et al, 1960]. This is termed co-operative adsorption 
as the adsorption of an adsorbate molecule is made easier by the presence of other 
adsorbed molecules on adjacent sites (Figure 5.40). Three conditions are usual for 
Type-S adsorption: 1) the adsorbate is monofunctional, 2) it has moderate 
intermolecular attraction and 3) it meets competition for the solvent molecules or 
another adsorbed species. 
These conditions are largely true for 2-butanoic acid as it is a monofunctional 
compound, and will compete with a polar substance (in this case water) for sites on a 
polar substrate. This implies a certain degree of polarity to the carbon surface and 
this may explain the difference in behaviour of the physically and chemically activated 
sewage sludges. Physical activation by CO^ is likely to promote the formation of 
oxygen containing functional carboxyl groups on the carbon surface introducing a 
degree of polarity to the carbon surface and leading to a Type-S isotherm. ZnClj 
activation may not produce such a polar chemical surface and this would tend to 
promote a Type-L isotherm rather than Type-S. 
The caustic tar carbons are produced from feedstock that is generated in a 
very oxidising environment (in the presence of H^O^) and is composed of oxygen 
containing compounds (anthraqunione derivatives). It would therefore be expected to 
contain polar groups on the surface. Norit SA4 is physically activated using steam 
and may also have a moderately polar surface. Hence Norit SA4 and the caustic tar 
carbons give Type-S isotherms, and the carbonised and CO^ activated sewage sludge 
carbons give Type-L isotherms. 
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molecule adsorption is more 
stable when adsorbed at point 1 
rather than at point 2 
Figure 5.40 Schematic illustration of Type-S (co-operative) adsorption 
All of the carbons studied gave very much reduced adsorption of 2-butanoic 
acid than the phenolic substances. This may be associated with its higher solubility, 
but it may also suggest that the adsorption is more dependent on a restricted portion 
of the carbon surface, related to specific polar sites rather than interactions with the 
carbon plates over the whole surface. As a result BET surface areas and micropore 
areas do not necessarily indicate the most adsorptive materials. 
Carbons derived from undigested sewage sludges produced in rural locations 
gave greater adsorption of 2-butanoic acid. The ZnCl^ activated carbons did not 
show as large an increase in adsorption compared to the other activation techniques, 
as with the phenolic adsorbates. This suggests that their larger surface areas are not 
being fully utilised. The exception to this is RRS/ZnClj, which has a very large 
surface area of 995mVg (Section 5.4, Table 5.7). Similarly, CO^ activation did not 
greatly improve adsorption for RR3 and IDl sludges, also suggesting a difference in 
the adsorption mechanisms for 2-butanoic acid. 
The difference in behaviour of the carbons in their adsorption of 2-butanoic 
acid compared to phenolic compounds is also reflected in the Freundlich and 
Langmuir adsorption constants (Table 5.13). Freundlich values are the highest for the 
ZnCl^ and CO; activated carbons but are in general low, in comparison to the values 
for adsorption of phenolic compounds. The undigested sludges and the caustic tar 
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mixes also gave carbons with higher capacities. These data support the suggestion 
discussed above that the activation process has generated specific adsorption sites on 
the carbon surface where adsorption of 2-butanoic acid occurs. The carbon with the 
highest Langmuir adsorption capacity is ID1/N2 and this is one of the occasions 
where and K .^ values do not correlate. The ZnCI^ carbons and Norit do not have 
substantially higher values than the other carbons produced using different 
activation techniques, again implying that their large surface areas were not being fully 
utilised. 
1/n values are higher for 2-butanoic acid adsorption than the phenolic 
compounds and the value for Norit is > 1.0, which suggests a lower affinity for 
2-butanoic acid for all the carbons and for Norit in particular. However, the 1/n 
values for the CO^ activated carbons are lower than for the other carbons indicating 
they have a slightly higher affinity for 2-butanoic acid which also supports the 
proposed adsorption mechanism for the S-Type carbons. 
Table 5.13 2-butanoic acid adsorption; - Freundlich and Langmuir isotherm 
constants 
Carbon 
Qo 
(mg/g) 
Langmuir 
b 
(1/g) 
R' Kf 
(mg/g) 
Freundlich 
1/n 
(l/g) 
R' 
IDl/N^ 80.00 0.00 0.99 0.06 0.80 0.96 
RR3/N2 14.54 0.01 0.98 1.05 0.45 0.95 
ID3/N; 36.97 0.00 0.92 0.18 0.57 0.98 
ID3/CO2 14.40 0.02 0.99 1.46 0.35 0.96 
IDI/CO2 21.68 0.00 0.94 0.46 0.49 0.97 
RR3/CO2 12.80 0.02 0.91 0.51 0.56 0.90 
AAEIO 31.89 0.01 0.94 1.02 0.48 0.78 
FEIO 19.63 0.02 0.96 1.11 0.50 0.94 
RR3/ZnCl2 31.50 0.02 0.99 1.15 0.64 0.99 
mi/ZnCI, 34.26 0.00 0.94 0.62 0.57 0.96 
IDS/ZnCLj 24.58 0.01 0.97 0.70 0.56 0.97 
Norit SA4 54.00 0.00 0.92 0.01 1.25 0.94 
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5.5.2.5 Methylene Blue Adsorption 
Adsorption of methylene blue by all the experimental carbons and by Norit 
SA4 is of Type-H, with very high initial uptake (Figures 5.5.41 & 5.42, Norit SA4 is 
not plotted as its does not fit within an appropriate scale). The sewage sludge derived 
carbons show Type-EB adsorption with build up of fijrther adsorbed layers whereas 
the caustic tar carbons exhibit Type-H2 (monolayer) behaviour. Type-H curves are 
often associated with large molecules, such as dyes, which displace molecules with 
lower affinity fi-om the surface [Giles et al., 1960]. 
A distinct step is visible on the isotherms for several of the carbonised and 
COj activated sewage sludges. Methylene blue is a complex three dimensional 
molecule and this means that there are several possible orientations for adsorption. 
The observed steps are likely to be associated with changes in molecule orientation at 
the carbon surface. 
As for the other adsorbates the ZnCl^ activated sewage sludge carbons were 
the most adsorptive. The caustic tar derived carbons showed enhanced adsorption 
over the carbonised and CO^ activated sewage sludge carbons. ID1/N2 again showed 
unexpectedly high adsorption and outperformed the COj activated carbons. This is 
partly explained by this samples relatively high mesoporosity (t-plot surface area is 
63mVg, Section 5.4, Table 5.7). However, it cannot explain why ID1/N2 has greater 
adsorption than IDl/CO^ which has a larger t-plot surface area (91mVg) and very 
similar mesopore size distribution (Section 5.4, Figures 5.20 & 5.21). 
The high performance of the sewage sludge and clay based carbons in general 
is attributed to the relatively large proportion of mesopores and large transitional 
micropores. As discussed in Section 5.4 the sewage sludge carbons and the caustic 
tar carbons have t-plot surface areas of up to 143mVg. The caustic tar carbons in 
particular have a large mesoporous contribution which is due to the montmorillonite 
clay which forms their support. 
Methylene blue is a much larger molecule (12nm^) than the others used in this 
study (4-5.5nm^) and it is to large to penetrate the small micropores that form the vast 
majority of the active surface of carbons such as Norit SA4 and RRS/ZnCl^ This is 
supported by the very fast equilibrium times observed for the sewage sludge carbons 
in the time to equilibrium study. Equilibrium with methylene blue was usually 
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achieved within 15-30mins and this implies rapid transport of the adsorbate to the 
adsorption sites, which would suggest the meso and macroporous network was 
largely responsible for the fast transport and adsorption of methylene blue. Short 
methylene blue equilibrium times and adsorption associated with mesoporosity have 
been observed by several workers [Kippling & Wilson, 1960; Barton 1987]. 
Some differences in adsorption trends were observed between the different 
carbons. The caustic tar derived carbons showed reduced adsorption compared to the 
other ZnClj activated carbons which follows the same pattern as for the other 
adsorbates. However, the caustic tar carbons performed better than the carbonised 
and CO; activated sewage sludge derived carbons. This indicates the importance of 
mesopores for methylene blue adsorption since the caustic tars had lower BET areas 
than many of the sewage derived materials but had higher t-plot surface areas (Section 
5.4, Table 5.7) 
RR3/N2 and RRS/CO^ performed less well than the respective ID based 
carbons. This suggests the high surface area and microporous network of the RR3 
carbons was not suitable for adsorption of methylene blue whereas the ID carbons, 
with higher t-plot areas, adsorbed more (Section 5.4, Table 5.7). RRS/ZnClj still 
outperformed the other carbons due in part to its high t-plot surface area. 
Norit SA4 is extremely adsorptive for methylene blue. Although it is 
dominantly microporous its does have a relatively large mesoporous (t-plot) surface 
area in comparison to the sewage sludge and caustic tar derived carbons. In addition 
it is possible that some of the larger transitional micropores and smaller mesopores are 
responsible for much of the observed adsorption. This is supported by examining the 
pore size distribution plots (Section 5.4, Figures 5.20-5.23) which indicate that Norit 
SA4 has a majority of mesopores <10nm. Other carbons, including the clay based 
materials, tend to have pore size distributions more weighted towards the large 
mesopores. 
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Very high adsorption capacities (both Langmuir and Freundlich) were 
obtained for methylene blue adsorption, particularly for the ZnC^ activated, sewage 
sludge derived carbons and Norit SA4 (Table 5.14). Although these carbons are 
predominantly microporous the increased adsorption was attributed to the larger 
mesoporous network of the ZnC^ activated carbons, as discussed in Section 5.4 and 
previously. The caustic tar based carbons which naturally have a large contribution 
from mesopores (due to the contribution from the Fullers Earth and Acid Activated 
Earth) displayed higher capacities than the carbonised and COj activated materials 
(Section 5.4). 
Freundlich Kf values were very much higher than for all the other adsorbates 
studied and Langmuir capacities (QJ were also high. The Langmuir capacity for 
Norit could not be measured as the adsorption plateau was not reached in the 
experiments, which reflects the extremely large adsorption capacity. These high values 
are associated with its Type-H behaviour and the rapid build up of multiple adsorbate 
layers on the meso-and macropores of the carbons. In comparison with other 
workers producing activated carbons from similar wastes the Kj- values were higher in 
this study. Fasoli and Genon [1976] produced active carbon coated sand from 
refinery waste with adsorption capacities of 0.1-15mg/g. In this study the adsorbents 
produced from the tarry waste (caustic tar) gave values of 20-25mg/g. 
1/n values were particularly low ( « 1.0) and b values high in comparison to 
the values obtained for other adsorbates. The affinity of the experimental carbons and 
Norit SA4 for methylene blue is therefore much greater than for the phenolic 
compounds and 2-butanoic acid. 
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Table 5.14 Methylene blue adsorption - Freundlich and Langmuir isotherm 
constants 
Carbon 
Qo 
(mg/g) 
Langmuir 
b 
(1/g) 
R: Kf 
(mg/g) 
Freundlich 
1/n 
(1/g) 
R: 
IDI/N2 55.00 0.12 0.98 17.88 0.16 0.95 
RR3/N2 20.50 0.21 0.97 8.65 O i l 0.91 
ID3/N2 21.26 0.81 0.92 7.18 0.18 0.94 
IDS/CO; 30.76 1.57 0.96 12.78 0.15 0.98 
IDl/COj 36.80 0.72 0.98 13.79 0.16 0.88 
RR3/CO2 33.82 1.20 0.96 18.05 0.11 0.82 
AAEIO 45.28 5.31 0.98 24.90 0.11 0.95 
FEIO 57.76 0.78 0.87 21.92 0.11 0.83 
RR3/ZnCl2 184.17 0.63 0.91 77.49 0.16 0.65 
IDl/ZnCl; 125.92 0.36 0.98 41.18 0.24 0.79 
roS/ZnCLj 92.25 0.10 0.91 22.78 0.17 0.98 
Norit SA4 - - - 193.20 0.89 0.99 
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5.5.3 Specific Surface Area Studies 
Specific surface area analysis was performed for four out of the six adsorbents 
(phenol, 4-nitrophenol, 2,3-dichlorophenol, and methylene blue) where appropriate 
values for the molecular surface area could be obtained. These give an indication of 
the surface area available for adsorption of a particular compound and can be useful in 
explmning the properties of different carbon materials. 
Specific surface areas (SSAs) for the carbons produced in this study are given 
in Table 5.15. Two methods were used for calculation. The first relied upon manual 
determination of the point on the adsorption isotherm curve where the first monolayer 
is complete (the b-point used in BET surface area determinations). In some situations 
an obvious monolayer had not been formed due to very high adsorption and in these 
situations a minimum value was determined. The second uses the Langmuir equation 
value as the b-point. The Langmuir method tends to give higher specific surface 
areas than the b-point method. This is expected as the Langmuir method also gives 
higher total surface areas compared to the BET equation when it is used for gas 
adsorption analysis. 
In general, although the two methods give different values they give a 
consistent pattern of surface areas. Correlation coefficients between the b-point and 
Langmuir methods were better than 0.7 and were significant at the 99% level. 
Although the two sets of data do not give absolute values they can be usefijlly used 
for comparing different carbons qualitatively. 
As would be expected based on the isotherm interpretations the RR3 sludges 
displayed higher SSAs than the other sludges for all the compounds except methylene 
blue, reflecting their higher microporosity and lower mesoporosity. In several cases 
very large SSAs were obtained and in some situations only minimum values could be 
calculated as the b-points had not been reached. 
For the ZnClj carbons SSAs for 4-nitrophenol > 2,3-dichlorophenol > phenol. 
For the other sludge derived carbons 4-nitrophenol and 2,3-dichlorophenol have 
similar SSAs but both were greater than for phenol. This reflects the enhanced 
adsorption of substituted phenol compounds as discussed in Section 5.5.2. 
In the majority of situations the caustic tar based carbons had higher SSAs 
than the CO; and carbonised sewage sludges (excepting some of the values for the 
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RR3 carbons), although they were much lower than the ZnCl^ activated sewage 
sludges. This reflects the general superiority of the ZnCl^ activation technique for 
these materials. 
Methylene blue adsorption has often been used as an indicator of mesopore 
and macropore surface areas as it is too large a molecule to penetrate micropores 
[Kippling & Wilson, 1960; Barton, 1987]. In Section 5.4 (Table 5.7) t-plot analysis 
was used to determine meso- and macropore surface area from adsorption data. 
The SSAs determined for methylene blue for the materials produced here showed 
close correlation (0.7, at 95% level) with the t-plot surface areas (Se), indicating that 
it is a reasonable measure of mesopore surface area. However, RRS/ZnClj showed a 
very high SSA for methylene blue but had a low t-plot surface area. This suggests 
that larger (transitional) micropores that are not incorporated in the t-plot calculation 
are responsible for the strong adsorption of methylene blue by this carbon. 
Correlation between the various adsorbate SSAs and BET surface areas was 
generally strong (> 0.6, at 95% level) indicating that BET areas should be a good 
indication of adsorption performance, t-plot areas, however, were not strongly 
correlated to either phenol or 2,3-dichlorophenol SSAs, indicating that with these 
materials adsorption is predominantly produced by adsorption in micropores. 
Mesopore effects may be more important for 4-nitrophenol and are important for 
methylene blue as discussed above. 
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5.5.4 Competitive Adsorption Studies 
5.5.4.1 Experimental Methods 
In order to assess the performance of the various experimental carbons in 
removing pollutants from mixed solutions several competitive adsorption studies were 
performed. Solutions with equal amounts of phenol, 4-methylphenol and 
2,3-dichlorophenol (5-lOOOmg/l) were added in 50ml aliquots to 0.5g of each carbon 
in 100ml bottles. These were-end over-end rotated for 4 hours to establish 
equilibrium and filtered (Whatman Nol). 
Residual concentrations were determined by high performance liquid 
chromatography (HPLC) using UV detection. As the individual UV analytical 
wavelengths of the compounds were very close HPLC was necessary to separate the 
three components to allow individual analysis. A Waters HPLC system (Waters 
WISP 712 and Waters 501 HPLC Pumps) fitted with a Waters CIS column, was used 
with UV detection (Waters 484, Tuneable Absorbance Detector) at 270nm. A 
mixture of methanol (60%) and water (40%) was used as the carrier at a flow rate of 
0.4ml/min, with injection of 5|il of the solution to be analysed. The system was 
calibrated using the same stock solutions used for the adsorption isotherm. Accuracy 
of the technique was calculated from analyses of blank solutions [Ramsey, 1994]. 
The technique was accurate to 5mg/l for phenol, 9mg/l for 4-methylphenol, and 
12mg/l for 2,3-dichlorophenol) A typical chromatogram showing the peak separation 
is given in Figure 5.43. 
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Figure 5.43 Typical chromatogram of a mixed phenols sample 
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5.5.4.2 Results And Discussion 
Adsorption isotherms for the various experimental carbons (carbonised, CO; 
activated ZnClj activated sewage sludges, AAEIO and Norit SA4) are given in 
Figures 5.44-5.47. For all of the experimental carbons 2,3-dichlorophenol was 
strongly preferred compared to the other adsorbates. 4-methylphenol and phenol 
were adsorbed to a more limited degree, with 4-methylphenol preferred to phenol. 
For the carbonised only materials, saturation of the carbons with phenol and 
4-methylphenol occurred at low concentrations (<50mg/l) indicating a very low 
adsorption capacity for these compounds when in the presence of 2,3-dichlorophenol. 
RR3/N2 gave better adsorption than the ID1&3 carbons, particularly for phenol and 
4-methylphenol which were hardly adsorbed by these materials. 
The CO; activated sewage sludges gave similar adsorption of 
2,3-dichlorophenol as their carbonised only counterparts, but gave stronger 
adsorption of the other compounds in the mixed solution. The undigested carbon 
(RR3) again showed stronger adsorption than the digested sludge based carbons. The 
CO; based carbons show some indications of development of multilayers for 
4-methylphenol and phenol which were not apparent with the carbonised only sludges. 
The Acid Activated Earth based carbon (AAEIO) showed adsorption 
behaviour similar to the CO; activated sewage sludges. 2,3-dichlorophenol was 
strongly adsorbed, 4-methylphenol and phenol were less strongly adsorbed but 
showed evidence for multilayer development. The Fullers Earth based carbon (FEIO) 
was not investigated in this study due to a shortage of sample material, but based on 
its behaviour with single solutes (Section 5.5.2) it would be expected to show similar 
adsorption patterns to AAEIO. 
The ZnCl; activated sewage sludge carbons, as would be expected from the 
surface area studies and single solute adsorption behaviour, were very much more 
adsorptive for 2,3-dichlorophenol than the other carbons. However, other than for 
RRS/ZnCl; they were not much more strongly adsorptive of 4-methylphenol and 
phenol. Only RR3/ZnCl; and Norit SA4 showed strong adsorption of these two 
compounds in the presence of 2,3-dichlorophenol. Interestingly Norit SA4 did not 
show such a strong preference for 2,3-dichlorophenol as the sewage sludge and 
caustic tar based carbons. 4-methylphenol was adsorbed almost as strongly, 
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suggesting some difference in the adsorption mechanisms for Norit and the 
experimental carbons. However, it is not clear what is responsible for this difference 
in behaviour. 
In general the carbons other than the ZnCl^ activated sewage sludges showed 
a strong preference for a single adsorbate that would limit their use in wastewaters 
with mixed pollutants. Waste streams with a single pollutant would be more suitable 
for their future application. 
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5 ^ SUMMARY 
• Larger batches of carbons were prepared from selected sewage sludges using 
three, optimised procedures, carbonisation alone, COj, and ZnC^ activation. 
These were compared with carbons produced from the best caustic tar mixes 
prepared using ZnClj activation. 
• The metals content and leaching behaviour of the various carbons were 
determined to establish their suitability for use in wastewater treatment 
applications. The sewage sludge derived (carbonised and CO^ activated) 
carbons retained significant quantities of metals, but these were not readily 
leached into solution. Only the ZnCI^ activated materials showed metals 
leaching, indicating the inadequacy of the washing procedure. 
• The materials strong retention of metals suggested the possibility that they may 
have some adsorption capacity for metals. This was tested by conducting 
adsorption tests using mixed metals solutions (Cr, Ni and Zn). These indicated 
that the carbons were responsible for removing metals from solution at low 
concentrations (<50mg/l) when pH was relatively high (pH 6-7). Cr was 
removed more strongly than the other metals. 
• The metals adsorption experiments were difficult to control due to pH variation 
between the different concentration solutions used to construct adsorption 
isotherms. At high concentrations (>100mg/l) the pH of the solutions was lower 
(pH 4-5) and this strongly affected the adsorption behaviour of the carbons. 
Removal efficiencies were decreased and some carbons showed some metal 
leaching. 
• The experimental carbons are not considered to be reliable materials for metals 
removal from solution and it is not clear if the removals observed were due to 
adsorption effects or precipitaion. Further work is required to establish their 
metals adsorption characteristics fully. 
• Extensive porosity and large surface areas were developed in many of the 
experimental carbons produced. However, these varied greatly between the 
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different materials and activation processes. The ZnClj activated sewage sludges 
possessed the largest surface areas and the most microporosity. In some cases 
these were greater than the commercial carbon studied (Norit SA4). In general 
the COj activated sludges showed larger surface areas and porosity than the 
carbonised only materials. 
• The two different types of sewage sludges produced carbons which also showed 
interesting differences in porosity and surface area. The undigested sludges 
almost always had larger surface areas than the digested sludges produced using 
the same activation method. This is largely explained by their higher carbon 
content and lower ash content which provides a larger amount of material which 
is available for porosity development. 
• The ZnClj activated caustic tar based carbons showed porosity and surface area 
development similar to the CO^ activated sewage sludges but were much less 
than the ZnCl^ activated sludges. Their porosity was strongly influenced by the 
mesoporosity of the Fullers Earth and Acid Activated Earth base materials used 
in their production. In the case of Acid Activated Earth the activation treatment 
has modified the porosity of the base clay causing a reduction in mesoporosity. 
This and the different behaviour of the Fullers Earth based carbon suggested that 
a microporous carbon had formed within the clay structure and that the heat 
treatment has partially collapsed the Acid Activated Earth layered clay structure. 
• Adsorption tests were conducted using a variety of organic compounds that are 
common pollutants in wastewaters and modelled using Langmuir and Freundlich 
adsorption isotherms. This was considered to be the most likely application for 
the experimental carbons. 
• For the majority of substances equilibrium was achieved quickly indicating that 
transport of the pollutants to the adsorptive sites within the carbons was 
efficient. 
• Of the phenolic compounds tested there was a strong preference for the 
substituted phenols. 2,3-dichlorophenol was adsorbed most strongly followed 
by 4-nitrophenol > 4-methylphenol > phenol. 2-butanoic acid adsorption was 
224 
very different to the phenols, being of Type-S rather than the common Type-L 
adsorption usually exhibited by activated carbons. This is associated with 
co-operative adsorption processes and implies a different adsorptive mechanism 
for 2-butanoic acid. Methylene blue adsorption was also different to the 
phenols, being of Type-H, with very strong adsorption at low concentrations. 
This type of adsorption is often observed with adsorption of dyes from solution. 
For most of the adsorbents the adsorptive performance was related to the 
available surface areas and microporosity. As a result the undigested sewage 
sludge derived carbons were generally more adsorptive than the carbons 
produced from digested sludges which were also better adsorbents than the 
caustic tar based carbons. Similarly the adsorption of ZnC^ activated carbons > 
COj activated carbons > carbonised only materials. 
Specific surface area calculations were also conducted giving an indication of the 
surface area available for adsorption of specific compounds. In general these 
were well correlated with total BET surface areas, but in the case of methylene 
blue were strongly correlated with the external (t-plot) surface area indicating 
the importance of mesopores for methylene blue adsorption. 
Competitive adsorption studies were conducted to establish the performance of 
the carbons in adsorbing more than one compound from solution. For the 
experimental carbons a single compound tended to be favoured, in line with the 
strengths of adsorption identified in the single solute studies. Only the ZnCl^ 
activated materials showed significant adsorption of the other two adsorbates. 
These results suggest that the experimental carbons may not be well suited to 
adsorption of multiple compounds from wastewaters, which would greatly 
inhibit their general application. Further work is required to investigate this 
further and establish suitable applications. 
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6. DISCUSSION 
W WASTE MANAGEMENT AND WASTE WATER TREATMENT; 
IMPLICATIONS FOR THE USE OF CAUSTIC TAR AND SEWAGE 
SLUDGE WASTES 
Waste management and wastewater treatment legislation has been developing 
rapidly during the 1990s. Both the UK and EU have been drafting new legislation and 
implementing new regulations on the handling, disposal and treatments of wastes and 
wastewaters. Many of these have an important impact on the current and future 
disposal/treatment options for problematic wastes such as sewage sludge and some 
hazardous industrial wastes. Integrated pollution control (IPC), implemented as part 
of the Environmental Protection Act (EPA), 1990 will control the emissions from any 
incineration plants constructed to treat sewage sludges or caustic tar materials. 
Several EU directives will also have a major impact on the disposal of the 
sewage sludge and caustic tar wastes investigated. The landfill directive when 
implemented will increase the costs of landfill considerably as one of its main aims is 
to pass on the full cost of landfill to the customers. Landfill costs in the UK have 
already increased considerably with the introduction of the landfill tax and costs are 
expected to rise in the future. Disposal of caustic tar, which is currently disposed of 
to landfill exclusively, will become more expensive and may be prevented altogether. 
Disposal of sewage sludge to landfill is currently at about 20% of total sludge 
production and disposal to this route is expected to fall [CES, 1993] 
In addition the urban wastewater treatment directive will dramatically increase 
the volumes of sludge produced in the UK and throughout Europe, while the directive 
on disposal of sewage sludge to land has already reduced the disposal routes for 
metals contaminated sludges. 
In the future sewage sludge and industrial wastes disposal is set to become 
increasingly expensive and the number of disposal routes more limited. This has 
considerable implications for the development of the activated carbon production 
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techniques investigated in this study which could provide a cheaper and more 
sustainable management option for both sewage sludge and tarry wastes. 
However, IPC guidance notes have also been issued for gasification processes 
and this will ensure that any of the activated carbon production routes proposed in 
this study will have to comply with the principles of BATNEEC to ensure effective 
emissions controls. The application of IPC to incineration or carbonisation processes 
will greatly affect the cost of disposal via these routes and may become a major 
factor in determining the future cost effectiveness of each process. 
6 j , t h e p r o d u c t i o n o f a c t i v a t e d c a r b o n s f r o m s e w a g e 
s l u d g e s a n d c a u s t i c t a r 
The increasing disposal costs of wastes and the diminishing routes for the 
disposal of various waste materials invites the development of alternative treatment 
options. The thermal treatment of carbonaceous wastes to produce activated carbons 
is attractive as it is an effective treatment which also produces a product which may 
be beneficially re-used for the treatment of other waste streams. In the UK 
approximately 1.1 million dry tonnes of sewage sludge are generated annually. By the 
year 2006 this is expected to rise to 2.1 million dry tonnes. It is uncertain where some 
20% of this total will be disposed of and alternative management options are urgently 
required. For caustic tar, the 350-400 tonnes of waste generated per year are 
exclusively disposed of to hazardous waste landfill sites. The high water content of 
the waste would make incineration very expensive without some form of 
pre-treatment. The expected restrictions to landfill disposal and increasing costs mean 
that alternative management options are required for caustic tar and other tarry 
industrial wastes. 
Treatment of caustic tar in this study involved the neutralisation and 
adsorption of the tarry portion of the waste onto montmorillonite clays to produce an 
organic/clay mixture which was converted into a clay-carbon adsorbent. Similar 
materials based on spent bleaching earth (SBE) have been successfully converted into 
clay-carbon adsorbents by several other workers [Kalapusta et al., 1984; Korczak & 
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Kurbiel, 1989; Pollard, 1990]. These materials displayed adsorptive properties for 
aqueous phase phenols, hydrocarbons, polycyclic aromatic hydrocarbons and dyes. 
Mineral-carbons have also been produced from polyacrylonitrile and montmorillonite 
[Oya et al., 1986; Sonobe et al., 1988]. These studies have demonstrated the 
resistance to the normal high temperature layer collapse that montmorillonite clays 
usually undergo when not in the presence of an interlayer char. Collapse of the 
layered aluminosilicate sheets that make up clays is a common phenomenon and can 
occur at relatively low temperatures (500°C) [Brindley & Lemaintre, 1987] This is 
an important consideration in clay-carbon systems including those produced in the 
present study, as access to the microporous char is fundamental to their adsorptive 
properties which would be inhibited by layer collapse. 
Following these studies Sonobe et al. [1988] and Pollard [1990] have 
proposed models for the formation of these mineral-carbon adsorbents that should be 
applicable to the materials produced in the current study. These models envisage the 
impregnation of the interiamellar clay structure by the adsorbed organic species which 
are then carbonised and activated in-situ, within the interiayer spaces. The presence 
of the activated chars within the clay lamellae does not appear to significantly reduce 
the porosity of the clays and helps to prevent layer collapse on heating and preserve 
the clay's mesoporosity. 
In the present study, the caustic tar waste was adsorbed onto different clay 
types and carbonised and activated using a variety of activation techniques. Of these 
gasification with CO^ and air did not produce effective adsorbents. This was 
attributed to the collapse of the clay structure at the high temperatures required for 
CO; activation which restricts access to the adsorptive char within. The adsorptive 
properties of the materials produced in this study and those of Pollard, [1990] have 
been shown to be dependent on the retention of the mesoporosity of the clay base 
(Sections 3.2.3.2 & 5.4). Acid Activated Earth (AAE) based adsorbents were more 
sensitive to heat treatment than the Fullers Earth (FE) based materials. Loss of 
surface area and blocking of pores due to the presence of the interiamellar char was 
not apparent, whereas layer collapse in the AAE based carbons significantly reduced 
mesoporosity. In both sets of caustic tar adsorbents microporosity was greatly 
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enhanced by the presence of the interlamellar carbon increasing both total BET 
surface areas and micropore volumes. 
Relatively few studies have previously been conducted on the production of 
adsorbents from sewage sludges. Until recently the high ash and moisture content of 
sewage sludges have made them unsuitable as activated carbon precursors in 
comparison to other carbonaceous wastes. The low cost and variety of disposal 
options placed little pressure on the Water Companies' management policy for sewage 
sludges. However, as noted in Section 1, in the last few years there has been a 
re-evaluation of the potential for carbonising or gasifying sewage sludges. The 
specific contribution of this study has been to closely investigate the potential for 
producing high quality carbon products rather than oils or combustible gaseous 
products and to examine in detail the adsorptive properties of the adsorbents 
produced. 
Conversion of the digested and undigested sewage sludges to activated 
carbons in the current study was preceded by a thorough investigation of their thermal 
decomposition processes by thermogravimetric analysis (TGA). Preliminary loss of 
water on heating in nitrogen was followed by two main decomposition reactions. 
Comparison with lignocellulosic materials such as paper indicated that the first of 
these was related to loss of the more volatile constituents of the sludges whereas the 
second was associated with the thermal decomposition of lignocellulosic materials. 
This is in close agreement with the two phases of weight loss of sludges observed by 
Dumpleman et al [1991]. The effect of different activation processes on the 
decomposition reactions was also observed. CO; activation proceeded in a similar 
manner to the carbonisation reactions but displayed an additional phase of weight loss 
at high temperatures (>700°C). This is associated with the "bum off of residual tarry 
material and the edges of the carbonised plates that form the carbon structure. 
Activation by CO; is usually conducted at much higher temperatures than was optimal 
for the sewage sludge derived materials. Studies of other lignocellulosic wastes such 
as olive stones and almond shells are typically gasified with CO^ at temperatures of 
800-1100°C [Rodrizguez-Reinoso et al., 1995]. The chemical activant ZnClj, which 
proved to be the most effective activation treatment used in the present study, acted 
to suppress the extent of the main phase of weight loss associated with volatilisation 
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of the decomposing sludge materials. This indicates part of the mechanism by which 
ZnClj and other Lewis Acids are thought to promote activation. In studies of 
flameproofing salts on cellulosic materials [Shafizadeh, 1968] Lewis Acids were 
shown to promote the dehydration and charring of cellulose and reduce the 
production of its main breakdown product (levoglucosan tar). In addition these 
chemicals were able to affect the secondary breakdo 'ATI reactions of levoglucosan and 
encourage charring of the tar. The combined effect of these reactions is to reduce 
volatilisation, tar formation, and to promote aromatisation to graphite-like platelets. 
However, more detailed hypotheses for the mechanisms of chemical activation require 
development. 
The addition of Pulverised Fuel Ash (PFA) to sewage sludge was evaluated in 
this study as it was thought to be of potential benefit in (i) increasing the resistance to 
attrition, (ii) preventing the loss of volatile material and enhancing the adsorbent, (iii) 
contributing to metal binding of the adsorbents. However, PFA was found to 
separate from the char in the final product without improving the carbon content of 
the material as a whole. This separation would negate any benefits in attrition and as 
no benefits were made in carbon retention, the use of PFA increased the volume of 
the adsorbent without improving its adsorptive properties. The carbon adsorbents 
without PFA also proved to be capable of binding the metals within the sewage 
sludges effectively, negating the usefulness of PFA in this regard. 
In developing the adsorbents, activation temperature and residence time as 
well as the type of raw material (digested or undigested sludge) were identified as 
possible key parameters which may affect the properties of the adsorbents produced. 
Surface area development (BET), carbon content and aqueous phase phenols 
adsorption were used to assess the influence of these parameters. Although results 
were not fully consistent there were strong indications that optimum carbonisation 
and activation parameters were dependent on two main features of the resultant 
carbons; (i) the development of maximum microporosity and surface area, (ii) the 
accessibility of the adsorbates to this surface area as indicated by maximum phenols 
adsorption and mesoporosity. Carbons produced with a high activation temperature 
showed higher surface areas but did not necessarily show maximum phenols 
adsorption. This is possibly associated with differences in the larger pore sizes, which 
230 
are necessary for eflFective transport of adsorbates to the adsorptive sites on the 
carbon surface. However, this must be balanced, as is apparent for CO^ activation 
where "bum off at temperatures above 800° was too severe. Shorter activation times 
also resulted in higher surface areas and phenols adsorption for the COj activated 
sludges. This indicated that over-enlargement of the porous network had occurred 
due to the long residence times. In this case high "bum off, shown by reduced carbon 
contents, while opening pores for rapid adsorbate transport had reduced the available 
surface area to a detrimental degree. 
Of the chemically activated materials, only the ZnC^ activation technique 
produced high quality carbons with substantial surface areas and strong adsorption of 
phenols. Activation temperatures and residence times were not considered so 
thoroughly as these are well documented and more specific to the activating agent 
rather than the substance being activated [Hassler, 1967; Bansal et a l , 1988; Pollard, 
1990]. 
The carbons produced fi-om sewage sludges had generally similar 
characteristics. They all displayed Type-IV nitrogen adsorption isotherms with 
Type-H3 or H4 hysteresis loops, which are typical of mesoporous materials, with 
slit-shaped pores and different degrees of microporosity. 
The type of sludge proved to be one of the most important parameters 
affecting the quality of the carbon produced and this is considered to be an important 
insight gained form this study. Carbons generated fi-om undigested sewage sludges 
fi-om rural areas generally had higher BET surface areas, micropore volumes and 
phenols adsorption than the digested sludges for all the activation techniques used. 
This is associated with the higher carbon contents and lower ash contents of the 
undigested sewage sludges which provide a greater amount of material suitable for 
conversion into activated carbon, as predicted by Bilitewski [1979]. 
W SEWAGE SLTJPGE AND CAUSTIC TAR CARBONS AS ADSORBENTS 
FOR USE TN WASTEWATER TREATMENT 
One of the objectives of this study was to investigate the potential for 
effectively treating waste materials by carbonisation/activation. However, for the 
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process to be a viable treatment for sewage sludges and caustic tar the carbons 
produced must have the potential for beneficial re-use within the industry or for sale 
to be used in other applications. The most promising application for these low-cost 
adsorbents is in the treatment of wastewaters and in particular industrial wastewaters 
where the high cost of activated carbon has limited their application in many areas. 
Many carbons have been produced in the less industrialised nations of the world from 
agricultural wastes [Pollard et al., 1991; Heschel & Klose, 1995; Fowler, 1996] and 
these are seen as being a low-cost route to activated carbon technologies for 
treatment of wastewaters. 
In the present study, however, the aim has been to utilise wastes that are 
problematic in the industrialised nations of Europe where different problems are faced 
in determining their suitability. Of primary concern is that the application of the waste 
based adsorbents does not result in contamination of the final effluent before its 
discharge into a local watercourse etc. This is particularly the case if, as in the UK, 
most rivers are utilised for potable water. The leaching of heavy metals from the 
experimental adsorbents was a possible source of contamination, particularly from the 
sewage based materials, as many sewage sludges have high metals contents [Stover et 
al, 1976; Sterritt & Lester, 1981; CEC, 1983; Lake et al., 1984; CES, 1993]. 
Accurate determination of the metals contents of the carbons and a full mass 
balance throughout the process proved difficult to obtain, but it was demonstrated 
that the sewage sludge based carbons had much higher concentrations of individual 
metals that the sludges from which they were prepared. This indicated that metals 
were being concentrated into the final carbon product. Bridle et al. [1990], in their 
conversion of sludges to oils, observed a similar concentration of heavy metals 
(excepting arsenic and mercury) into the residual char. 
Although the experimental adsorbents contained significantquantitiesof metals 
leach tests showed that negligible amounts of metal were leached into solution under 
conditions similar to those in which they would be used (excepting the ZnCl^ activated 
carbons). Copper, zinc, and nickel were most readily leached from the carbonised and 
CO2 activated adsorbents but the amounts leached corresponded to less than 0.5ppm 
in the leaching solution, even though a very high dose of carbon was applied (Ig 
carbon in 10ml water). These findings raise the possibility that the carbons might be 
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retentive of metals in solution and so could be applied to metals adsorption. Limited 
tests indicated that at pH > 5 metals were removed from solution by the adsorbents 
and these showed a strong preference for Cr in competition with Ni and Zn. It was 
not clear, however, whether the metals removal displayed could be attributed to 
adsorption by the carbons or precipitation due to pH changes. The use of these 
materials for metals adsorption is therefore a possibility, but requires further study. 
Of more immediate potential is the use of the adsorbents for treatment of 
phenols and other toxic organic contaminated wastewaters. All of the adsorbents 
derived from both sewage sludges and caustic tar were adsorptive of the compounds 
examined (phenol, 4-methylphenol, 4-nitrophenol, 2,3-dichlorophenol, 2-butanoic 
acid and methylene blue). This adsorptive behaviour was examined using the two 
most widely utilised isothermal adsorption models for activated carbons; the 
Langmuir and Freundlich isotherms (Section 5.5.2). Adsorption of the various solutes 
was relatively complex, producing isotherms with shapes that did not always conform 
to the Type-L2 (Langmuir) shape, which is typical of microporous materials and has a 
clearly limiting horizontal plateau [Giles et al., 1960]. Phenol and substituted phenols 
often possessed isotherms which tended to gradually rise or contained definite steps, 
indicative of systems in which multilayer adsorption occurs. 2-butanoic acid 
adsorption was associated with a Type-S adsorption indicative of co-operative 
adsorption. Methylene blue adsorption normally favoured Type-H adsorption 
indicating a very rapid initial uptake of adsorbate. 
Given the complexity of the isotherms displayed and the unusual character of 
the clay-carbon adsorbents, the fit of the Freundlich and Langmuir models to the data 
was extremely good. In general the Langmuir model was found to fit the data better, 
although the linear range was often small making it difficult to apply. Correlation 
between the Langmuir and Freundlich model coefficients was good indicating that 
both models were in general agreement. Adsorption of the ZnCl^ activated sewage 
sludges and the undigested sludge based carbons was greater than that displayed by 
the caustic tar based carbons and was in some cases greater than that of the 
commercial carbon Norit SA4. This implies that for some of the pollutants studied 
the same dose of sewage sludge based carbon could be used as in a commercial 
system. Given that the costs of the raw material are negative (due to disposal costs of 
233 
sewage sludge) use of sewage sludge based carbons could be considerably cheaper 
than using a commercial carbon. 
The caustic tar based carbons showed similar adsorption capacities to the CO^ 
activated sewage sludges and in general were stronger adsorbents than the sewage 
sludges which had only been carbonised. Calculated adsorption capacities for phenols 
of the sewage sludge derived adsorbents were similar to those produced by Martin et 
al., [1996] from sewage sludges chemically activated with sulphuric acid, although the 
quoted BET surface areas are much lower (257mVg) than those produced in the 
present study (up to 995mVg). Similarly the adsorbents produced by Tanada et al., 
[1983] and Boki et al., [1984] were much less efficient at removing methylene blue 
from wastewaters than the adsorbents produced in this study. 
Adsorption isotherms were used to calculate specific surface areas (SSAs) 
which compared favourably with BET and t-plot surface areas calculated from 
nitrogen adsorption. As the Langmuir equation does not necessarily give an accurate 
indication of SSA [Lowell & Shields, 1984] an empirical method [Giles & Nakhwa, 
1960] was also adopted. SSAs comparable or exceeding those of the commercial 
carbon Norit SA4 were obtained for some of the materials (ZnCl^ activated sewage 
sludges). Specific surface areas of the caustic tar carbons were equivalent to the CO^ 
activated sludges, but lower than those obtained by Pollard [1990] in his studies of 
clay-carbons derived from spent bleaching earth. 
These studies have been much more comprehensive than those previously 
carried out on sludge derived carbons and have demonstrated the ability of sewage 
sludge and caustic tar derived carbons to adsorb polluting materials from wastewaters 
with efficiencies approaching those of commercial carbons. The substances 
investigated are all considered hazardous or are problematic constituents of industrial 
wastewaters [Caturla et al., 1988]. Application of sewage sludge and caustic tar 
derived carbons to industrial wastewaters is likely to have considerable cost benefits 
to the waste producers and to the potential users of the final products. 
The viability of the technique will, however, ultimately depend on its economic 
advantages over alternative treatment strategies. Several factors will assist in making 
the process more attractive and offsetting the costs of the production process (Figure 
6.1). The relative values of the oil and carbon products will have a major impact on 
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the viability of the process. If the carbon can be demonstrated to be suitable for use 
within the producing industry, thereby saving on the cost of outside carbon purchase, 
or if the carbon can be sold at a reasonable price this will greatly offset the running 
and capital costs of the carbon production facility. The value of the oils generated 
from the process is still uncertain, although this has to some extent been demonstrated 
by the ENERSLUDGE^'^ pilot plants in Australia and Canada [Bridle & 
Skrypski-Mantele, 1994]. The oils have potential as a fuel for the process, in diesel or 
boiler fuel, or as substitutes for bitumen in tarmac [Anon, 1995], although the 
optimum re-use for the UK has yet to be assessed. 
sale of oil 
sale/reuse of activated carbon 
increases in landfill/incineration costs 
current disposal cost 
capital cost of carbonisation plant 
operating cost, including gas cleaning 
carbon processing costs 
administration 
Figure 6.1 Costs associated with the carbonisation/activation of wastes 
Economic evaluations have been conducted in Europe for biomass pyrolysis 
plants using wood or other materials as feedstocks [Grassi, 1988]. These are more 
comparable with oil-from-sludge processes but give an indication of the likely balance 
between operating and capital costs expected for carbonisation plants. The major 
advantage of waste utilisation compared to biomass pyrolysis is the lack of feedstock 
costs. Purchase of wood chippings for potential pyrolysis facilities accounted for over 
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60% of total annual costs. Operating costs accounted for 25% and capital costs the 
remaining 15%. 
Cost indications from the ENERSLUDGE™ process (Table 1.9, Section 
1.2.2.6) and the pilot plant studies of Kasakura & Hiraoka [1982], indicate that 
pyrolysis\carbonisation processes can operate at a similar or lower cost than 
incineration or sludge drying. Capital costs are similar to incineration but operating 
costs are likely to be considerably cheaper, in part due to the lower volumes of 
exhaust gas requiring treatment. These costs can form a major part of the expense of 
operating incinerators. 
Changes in emissions control legislation will have a major impact on both 
carbonisation and incineration processes, particularly for sewage sludges. At present 
sewage sludge incineration does not fall under the hazardous waste incineration 
directive (94/67/EEC) and so does not have to meet the stringent operational and 
emissions requirements of this directive. Changes in the emissions requirements for 
sewage sludge incinerators in the future could easily tip the balance in favour of 
carbonisation. Evidence from the ENERSLUDGE™ process suggests that 
pyrolysis/carbonisation processes can easily meet the most stringent of the European 
emissions requirements, primarily due to the low air flow rates in such plants when 
compared to incinerators [ENDs, 1991b; Bridle & Skrypski-Mantele, 1994]. In 
addition due to the dehalogenation processes that are believed to occur in the 
pyrolysis plant, which prevents emissions of organochlorine compounds, the process 
can be operated at lower temperatures, reducing the problems of metals volatilisation 
associated with high temperature incineration. As a result of these two factors 
pyrolysis plants do not require expensive air pollution control equipment such as 
activated carbon filters . 
Carbonisation processes will, however, require other air pollution and water 
pollution control devices, in common with other proposed biomass pyrolysis plants 
[Bridgewater, 1995]. In the UK these are currently regulated under the IPC controls 
of the EPA 1990, by the Environment Agency. Small particles can be removed in a 
series of cyclones, although some very small particles can be problematical and 
require treating with barrier filtration, such as high temperature ceramic filters 
[Bridgewater, 1995]. Non-condensable tars must be removed from the exhaust gas 
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by chemical scrubbers. Chlorine is a potential problem as are oxides of sulphur which 
may require absorption equipment. Oxides of nitrogen (NOx) are a concern due to 
the high levels of nitrogen in sewage sludges but low NOx combustion of the exhaust 
gas is possible in carbonisation plants, although selective catalytic reduction with 
ammonia may be required in some instances. 
In general the requirements for air pollution control equipment is a subject that 
has been extensively investigated for incinerators, but has not yet been well developed 
for biomass pyrolysis systems [Bridgewater, 1995]. Nevertheless, the design of the 
ENERSLUDGE^*^ plants is well within the limits for all the pollutants listed in the 
requirements for TA Luft [Bridle & Skrypski-Mantele, 1994]. 
Water pollution controls will also be required as water together with other 
water soluble pollutants such as phenols, acetic acid, oxygenated organic compounds 
and suspended tars are likely to be present in the condensate after separation from the 
oil [Bridgwater, 1995]. 
In the UK, however, this technology has yet to be effectively demonstrated 
and the Environment Agency remain to be convinced that such processes will be able 
to achieve suitable environmental standards and become a Best Practicable 
Environmental Option for waste treatment. This is a major limitation to the current 
viability of oil-from-sludge and carbonisation processes in the UK, but the potential of 
the waste carbonisation/activation process investigated in this study is considerable. 
It offers a more sustainable alternative to many other waste disposal technologies, it is 
a waste re-use process that can assist in treating other waste streams, reduces 
consumption of other materials and may also be a lower cost strategy. 
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7. CONCLUSIONS 
• Waste management legislation has developed greatly during the 1990's creating a 
situation where disposal of waste is no longer considered a suitable treatment 
option when more sustainable alternatives can be applied or developed. The 
wastes investigated in this study are largely disposed of by non-sustainable 
means. Alternative treatment options are necessary for these wastes, particularly 
those which can offer re-use potential. 
• Investigation of pyrolysis processes for sewage sludges have been conducted in 
the past, but such studies have largely neglected the chars formed from such 
processes. Production of activated carbons from waste materials in many 
respects offers a more attractive re-use than production of oils due to the 
increasingly stringent emissions requirements for fuels. 
• The inherent problems associated with producing a solid adsorbent from the 
liquid caustic tar was overcome by neutralisation of the waste in the presence of 
Fullers Earth or Acid Activated Earth. The neutralisation/absorption process 
was optimal at pH<2 and a 1:10 earth:waste ratio. The most effective carbon 
production conditions were carbonisation at 375°C for 2 hours and activation 
with ZnClj for 1 hour at 600°C. Clay-carbon adsorbents were produced with 
surface areas of up to 225mVg, which can adsorb 28% of phenol and 35% of 
4-nitrophenol from lOmmoI aqueous solution. 
• The thermal properties of the nine sewage sludges investigated were found to be 
remarkably similar. Digested and un-digested sewage sludges from different 
geographical locations displayed the same degradation reactions at very similar 
temperatures. However, differences were observed in the size of the weight 
losses and the amount of residue, with un-digested sludges having greater weight 
loss and smaller residues due to their increased organic content. Due to this the 
un-digested sludges were expected to produce better adsorbents. 
• Carbonisation temperature for sewage sludges was optimised at 500°C for 2 
hours. CO; activation produced optimal carbons with a direct single-stage 
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activation at 700°C for 1 hour. ZnClj activation produced the most effective 
adsorbents following carbonisation at 450°C for 2 hours and activation at 600°C 
for 1 hour. 
Extensive porosity was developed in the sewage sludge derived carbons, 
particularly those activated with ZnCl^. BET surface areas of over 350mVg and 
upto 995mVg were obtained for these materials which is comparable to many 
commercial adsorbents. Removal of organic pollutants at low concentrations 
(<100mg/l) was more than 95% effective for several of the adsorbents produced, 
including COj and ZnClj activated materials. 
Undigested sewage sludges almost always produced more effective adsorbents 
with higher surface areas than their digested counterparts. This is related to 
their higher carbon content and lower ash content. 
The caustic tar based carbons showed similar adsorption performance to the CO^ 
activated sewage sludges, but were much less effective than the ZnCl^ activated 
sludges. Their porosity was strongly influenced by the original porosity of the 
clay base materials which are largely non-adsorbing for the pollutants studied 
(with the exception of methylene blue) and explains their reduced performance. 
Sewage sludge can contain considerable quantities of toxic metals and it was 
important that the carbons produced did not release metals into the environment. 
The ZnClj activated carbons, including the caustic tar derived materials also 
contained substantial amounts of zinc. Leaching tests demonstrated that metals 
were not readily leached into solution by the carbonised and CO^ activated 
adsorbents and that the carbons could be safely utilised in aqueous treatment 
systems. For the successful application of the ZnClj activated materials an 
improved washing procedure is required. 
Retention of metals by the carbons indicated that they may be suitable for 
adsorption of metals from effluents. Isothermal adsorption tests did indicate 
removal of Cr, Ni, and Zn from mixed metals solutions but it was not clear how 
much of this effect was due to carbon adsorption rather than precipitation. 
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• Overall the carbons produced have substantial surface areas and are capable of 
adsorbing polluting materials from effluents. Carbonisation of caustic tar and 
sewage sludge offers an alternative waste management option that produces 
potentially useful products. Cost savings to waste producers are possible 
depending on the type and scale of carbonisation facility selected and the 
marketable value of the carbonaceous adsorbents produced. 
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8. SUGGESTIONS FOR FURTHER STUDY 
Several areas of work have been highlighted by this study that would benefit 
from further investigation. These would consolidate the findings of this study and 
answer some new questions arising from this work: 
• 
• 
More detailed analysis of the thermal degradation processes occurring in 
different sewage sludges under different carbonisation and activation conditions. 
This would be enhanced by the use of differential scanning calorimetry (DSC) 
rather than TGA and the analysis of degradation products using gas 
chromatography/mass spectroscopy (GC/MS) and/or Fourier Transform Infrared 
Spectroscopy (FTIR). 
An investigation of the volatile products (oils and gases) generated by the 
carbonisation/activation process including the presence of any hazardous 
contaminants such as polyaromatic hydrocarbons (PAHs). In particular an 
evaluation of the re-use potential of the condensed oils as industrial fuels is 
necessary. 
An assessment of the emissions treatment that would be required by a sewage 
sludge or caustic tar carbonisation facility. Air pollution control would be a 
particular concern and recycling of exhaust gases through the production 
process as fuel gas should be examined. The washing of carbons, particularly 
the ZnClj activated adsorbents, which could also generate pollution problems 
and additional waste streams, should be investigated. 
The scale up of the production technique to pilot scale, using an assessment of 
the advantages and disadvantages of fluidised bed and rotary kiln approaches. 
This should include an assessment of the feasibility of operating the plant either 
as a carbonisation facility, thermal dryer or an incinerator. This would allow the 
operator more flexibility in their sewage sludge waste management policy, an 
important factor for Water Companies as the cost-effectiveness of the 
production of carbons from sewage sludges would be reliant on market demand 
for the carbon product. 
241 
• Examination of the metals adsorption potential of the sewage sludge derived 
carbons. Indications were found in this study that the carbons may have 
potential in this application, but the extent of influence of pH on the adsorptive 
processes has not been fully determined. 
• Investigation of the practicalities of producing granular carbons from the 
materials investigated in this study and their suitability for multiple re-use and 
regeneration. 
• Application of the carbons produced from this study in the treatment of genuine 
wastewaters containing organic pollutants. This is the only means by which the 
full potential of the materials as adsorbents for treating industrial wastewaters 
can be assessed. This should include further considerations of the suitability of 
the adsorbents for use in effluents containing mixed pollutants. 
• An assessment of the likely costs of the production process described in this 
study, including the savings made from sewage sludge/caustic tar disposal and 
the full costs of treatment; capital costs, energy consumption, emissions 
treatment, transport, packaging etc. Without such an assessment the benefit of 
this process to the water and chemicals industries cannot be gauged. 
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APPENDIX I; 
Comparison of means of sewage sludge metals contents by one way Analysis 
of Variance (ANOVA) as discussed in Section 4.1.4.3, using the SPSS statistics 
programme. (*) Indicates significant differences, which are shown in the lower triangle 
of the tables. 
Cadmium: 
Chromium; 
Copper: 
RDl IDS RRS ID4 IDl ID2 RD2 
RDl 
IDS 
RR3 
ID4 * 
IDl * * * 
ID2 * * * * 
RD2 * * * * 
IDS ID2 RDl RD4 RRS RD2 IDl 
IDS 
ID2 
RDl * * 
ID4 * * 
RRS * * 
RD2 * * 
IDl * * * * * * 
IDS RDl ID4 RR3 RD2 IDl ID2 
IDS 
RDl 
ID4 
RRS 
RD2 * * 
IDl * * * * * 
ID2 * * * * * 
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Nickel; 
Lead; 
Zinc; 
IDS RDl ID2 RRS ID4 RD2 IDl 
ros 
RDl 
ID2 
RR3 * * * 
ID4 * * * 
RD2 * * * * * 
m i * * * * * * 
IDS RDl ID2 RRS RD2 ID4 IDl 
IDS 
RDl 
ID2 * 
RR3 * * 
RD2 * * * * 
ID4 * * * * * 
IDl * * * * * * 
ID2 RDl IDS RRS RD2 ID4 IDl 
ID2 
RDl 
IDS 
RRS * * 
RD2 * * * * 
ID4 * * * * * 
IDl * * * * . * * 
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APPENDIX II 
Freundlich plots of sewage sludge, caustic tar derived carbons and Norit SA4 
for phenol, 4-nitrophenol, 2,3-dichlorophenol, 4-methylphenol, 2-butanoic acid and 
methylene blue. 
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Figure A1 Phenol, Freundlich adsorption isotherm, carbonised and COj 
activated carbons. 
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Figure A2 Phenol, Freundlich adsorption isotherm, ZnCl^ activated carbons. 
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Figure A3 4-nitrophenoI, Freundlich adsorption isotherm, carbonised and 
CO; activated carbons. 
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Figure A4 4-nitrophenol, Freundlich adsorption isotherm, ZnCl^ activated 
carbons 
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Figure A5 2,3-dichlorophenol, Freundlich adsorption isotherm, 
carbonised and CO^ activated carbons. 
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Figure A6 2,3-dichlorophenol, Freundlich adsorption isotherm, ZnCI^ 
activated carbons 
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Figure A7 4-methylphenol, Freundlich adsorption isotherm, Nj carbonised 
and CO; activated carbons. 
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Figure A8 4-methylphenol, Freundlich adsorption isotherm, ZnClj activated 
carbons 
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Figure A9 2-butanoic acid, Freundlich adsorption isotherm, carbonised 
and CO; activated carbons. 
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Figure AlO 2-butanoic acid, Freundlich adsorption isotherm, ZnClj activated 
carbons 
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Figure A11 Methylene blue, Freundlich adsorption isotherm, carbonised 
and CO2 activated carbons. 
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Figure A12 Methylene blue, Freundlich adsorption isotherm, ZnCl^ activated 
carbons 
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